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ABSTRACT 

Tectonic and structural features of arc deposits can be helpful to the exploration geologist in 
understanding the distribution and complexity of deposits. Nevertheless, especially in ancient terranes, 
key tectonic and structural features can be difficult to determine, hence workers often ignore their 
importance. This talk will consider some tectonic and structural features of arc and other consumptive 
plate margin deposits and their bearing on exploration. 

Arcs are chains of volcanoes that sit above subduction zones along consumptive plate margins in both 
oceanic and continental margin settings. Arcs can be compressional, extensional, or neutral. Each of 
these structural states leads to distinctive tectonic settings that control the formation of different types 
of mineral deposits with different geological features and metal contents. Moreover, some atypical arc 
and other consumptive plate margin environments were probably of particular importance in the 
formation of some giant deposits. 

In both compressional and neutral arc settings, during and closely following constructive arc volcanism, 
characteristically porphyry Cu and Au deposits form in the root zones and high- and low-sulphidation 
epithermal Au(-Ag) deposits form near the tops of andesitic stratovolcanoes (e.g., Batu Hijau, El 
Teniente, and La Coipa). Such deposits are typically aligned along the traces of former arcs (e.g., the 
various porphyry belts in northern Chile and southern Peru). Nevertheless, the same deposit types can 
form in similar volcanic and subvolcanic settings but the deposits are aligned along markedly transverse 
structures at high angles to the main volcanic arcs (volcanic fronts) (e.g., Bajo de la Alumbrera, Agua 
Rica, Butte, and Zortman-Landusky). In some cases the transverse trends might be related to the 
transform fault edge of a flat subducting slab or to the subduction of buoyant aseismic ridges. 

In arcs under extension intra-arc rifts can develop and if the rifting is successful deep back-arc rifts can 
form, both of which are favourable sites for the formation of volcanogenic massive suphide (VMS) 
deposits. Kuroko-type VMS deposits related to submarine bimodal felsic and mafic volcanism form in 
intra-arc to back-arc settings during the dismemberment of arcs (e.g., Hokuroku district and Eskay 
Creek) and Besshi- and Cyprus-type VMS deposits related to submarine mafic volcanism form in 
successful back-arc rifts. 

An atypical arc environment that could be favourable for the formation of bulk-mineable Au(-Ag) 
deposits is where oceanic spreading ridges intersect arcs at high angles closely following subduction 
(e.g., Ladolam and Misima). Also some porphyry Cu-Au and epithermal deposits evidently formed in 
collision zones closely following termination of subduction in areas with hot metasomatized mantle 
(e.g., Grasberg and Porgera). Other environments that could be favourable for porphyry Mo and 



epithermal Au(-Ag) deposits related to bimodal and calc-alkalic volcanism is areas of slab windows and 
gaps developed following subduction where spreading ridges intersect subduction zones (e.g., 
McLaughlin and Kitsault). 

Important structural features of deposits can be of two types: those synchronous with magmatic activity 
(e. g., controlling magmatism, vein orientation, and alignment of deposits along faults) and post-ore 
structures that severely disrupt and displace deposits. The concern in this talk is mostly with post-ore 
structures that disrupt the deposits but also can preserve them. Some deposits have undergone 
penetrative deformation with strong stretching lineation and flattening fabrics and some are cut by 
thrust faults that have juxtaposed divergent mineral and alteration types (e.g., Sulphurets area, British 
Columbia). Many parts of the American and Canadian Cordillera, and probably elsewhere, have suffered 
extension which has tilted and dismembered deposits. In places the tilting has partly protected the 
deposit from erosion (e.g., San Manuel-Kalamazoo, Ajo, Hall, Ely, Yerington, Endako, and Clark Lake at 
Chibougamau, Quebec) but in other areas it has completely dismembered the deposits, parts of the 
deposits being eroded away and other parts being displaced and buried (e.g., Sacaton-Santa Cruz). 
Knowledge of such deformation and disruption can be useful in exploration and should caution against 
premature judgement of the geometry and orientation of deposits during the early stages of 
exploration. 



























































































C - GEOENVIRONMENTAL MINERAL DEPOSIT MODELS FOR THE NORTHERN CORDILLERA 

Richard Goldfarb, Edward duBray, John Gray, Karen Kelley and Geoffrey Plumlee, U.S. Geological Survey  

Goldfarb, R., duBray, E., Gray, G., Kelley, K. and Plumlee, G. (1998): Geoenvironmental Mineral Deposit 
Models for the, Northern Cordillera; in Metallogeny of Volcanic Arcs, B.C. Geological Survey, Short 
Course Notes, Open File 1998-8, Section C. 

Table of Contents pages C6-7 

Chapter 29 - Sedimentary Exhalative Zn-Pb-Ag Deposits, pages C8-16  

Chapter 34 - Low Sulfide Au Quartz Veins, pages C17-23 

Case Studies from the Northern Cordillera, pages C24-49 

ABSTRACT 

Empirical mineral deposit models are not only critical in exploring for accumulations of metals and 
development of ore genesis concepts, but also for understanding geochemical patterns that develop 
during natural degradation of metal accumulations. These patterns, or environmental signatures, are 
the result of natural weathering and erosion but may also be affected by human activities. 
Environmental signatures are dominantly controlled by the geologic characteristics of ore deposits 
including size, host rock type, surrounding regional geology, geochemistry of alteration, nature of the 
ore, trace element geochemistry, mineralogy and mineralogical characteristics, secondary minerals, 
topography, and geohydrology. Consequently, empirical data that define these signatures can be 
gathered from waters, sediments, and soils surrounding specific deposit types; these data can then be 
summarized to produce a comprehensive geoenvironmental mineral deposit model. In theory, a given 
ore deposit type is characterized by a fairly predictable environmental signature. However, as with any 
model, other factors can cause deviations. Variables such as climate and mining method can play 
significant roles in defining environmental signatures associated with individual deposits. 

Our recent work in the northern Cordillera has emphasized collection of empirical data that define the 
environmental signatures of the mineral deposit types commonly associated with accreted terranes and 
superimposed arcs. Objectives have included establishing estimates for premining geochemical 
baselines in highly mineralized belts, as well as determining the environmental effects of various mining 
and processing activities. The influence of geology on natural background concentrations of metals in 
water is obvious in studies of shale-hosted stratiform Pb-Ag-Zn massive sulfide deposits from the 
northwestern Brooks Range. Premining surface water draining the Red Dog deposit and water draining 
the Drenchwater occurrence commonly contained total dissolved metal concentrations between 1-50 
ppm at pH values of 3-6; the impact of these deposits is significant for kilometers downstream. In 
contrast, carbonate rocks in the sedimentary sequence at the Lik occurrence buffer water that drains 
massive sulfide to neutral to slightly alkaline pH values; this water has much lower metal transport 
capacity. Similarly in the Wrangell Mountains of eastern Alaska, water draining gold-bearing skarn and 



the massive Kennecott-type copper ore has relatively low metal-transport capacity due to thick 
carbonate sections. 

Abandoned Besshi- and Cyprus-type VMS deposits are widespread in the Prince William Sound region of 
south-central Alaska. Although surface water below these ore deposits is typically acidic and metal-rich, 
climate plays a major role in defining the extent of metal dispersion in this temperate rainforest climate. 
Water draining abandoned mine tailings is characterized by pH values as acidic as 2.5 and contains 
approximately 30 ppm dissolved Fe+Cu+Zn. However, due to the abundance of surface water runoff 
throughout the region, acid drainage is rapidly diluted to background levels within a few hundred 
meters of mine workings. 

The regional geoenvironmental model for arc-related epithermal vein deposits, which are widespread in 
southwestern Alaska, emphasizes concerns associated with Hg-enriched mineralogy. The low pyrite 
content of the veins results in minimal acid mine drainage. But to test the extent that mercury from 
eroded cinnabar might be naturally converted through biological and chemical processes to more 
hazardous methylmercury, detailed evaluations were made of stream waters, vegetation, and fish. 
Results indicate that weathered cinnabar is highly insoluble and is not mobilized through the food chain. 

The low sulfide content of mesothermal gold-bearing vein deposits throughout Alaska leads to a model 
that predicts generally minimal impact on local ecosystems from unmined or mined occurrences. For 
example, water draining the extensive underground workings of the Alaska-Juneau mine is characterized 
by concentrations of trace metals that are within the range allowable for safe drinking water. However, 
the environmental effects of unusually extensive sulfidization of metasedimentary and igneous country 
rocks that host gold-bearing veins in part of the Fairbanks district exemplify how ore deposit geology can 
cause significant deviation from a model. Resulting natural dissolved arsenic levels of as much as 500 
ppb exceed maximum allowable drinking water standards by an order of magnitude. Also, although 
mines in this deposit type typically pose little threat to the environment and present milling methods of 
ore extraction meet strict environmental standards, historic milling methods that concentrated gold-
bearing sulfide phases into large abandoned waste piles can lead to metalliferous acid drainage. It is, 
therefore, critical that our geoenvironmental models clearly indicate the difference in environmental 
signatures that are likely to result from past and present mining methods. 
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SEDIMENTARY EXHALATIVE ZN-PB-AG DEPOSITS 
(MODEL 31a; Briskey, 1986) 

by Karen D. Kelley, Robert R. Seal, II, Jeanine M. Schmidt, 
Donald B. Hoover, and Douglas P. Klein 

SUMMARY OF RELEVANT GEOLOGIC, GEOENVIRONMENTAL, AND GEOPHYSICAL INFORMATION 
Deposit geology 
Lens-like bodies of stratiform sulfide minerals (lead, zinc, ± iron) as much as a few tens of meters in thickness are 
interbedded with fine-grained dark clastic and chemical sedimentary rocks. These deposits may have large lateral 
extent (hundreds of meters to kilometers). Mineralized rock varies from a single layer to numerous bodies that may 
be vertically stacked or lateral equivalents. The most common associated sulfate mineral is barite which may be 
peripheral to or stratigraphically above the deposit (Rammelsberg and Meggen, Germany; Tom, Yukon Territory; 
Lady Loretta, Australia; and Red Dog, Alaska), or it may form crudely segregated mixtures with sulfide minerals 
(Cirque, British Columbia). Many deposits have no associated barite (HYC, Australia; Sullivan, British Columbia; 
and Howard's Pass, Yukon Territory). Stockwork, disseminated, or vein-type ore, interpreted as feeder zones to 
stratiform mineralized rock, are sometimes found underlying or adjacent to stratiform ore and are sometimes 
accompanied by alteration of footwall rocks (fig. 1). U.S. Bureau of Mines (1993) statistics show that in 1993 the 
two mines in the United States with greatest zinc output were Red Dog, Alaska and Balmat, N.Y. In 1994, the Red 
Dog mine produced 533,500 t of zinc concentrate with an average grade of 55.8 weight percent zinc (Mining Journal, 
1995). Mines in the Balmat district produced 499,000 t in 1993. Both mines also produce lead and silver. 

Examples

Red Dog, Lik, and Drenchwater (Alaska); Balmat (N.Y.); Meggen and Rammelsberg (Germany); Faro and other

deposits in the Anvil district, Tom, Jason, and Howard's Pass (Yukon Territory); Cirque and Sullivan (British

Columbia); Lady Loretta, McArthur River, Mount Isa, HYC, and Broken Hill (Australia); Navan, Silvermines, and


Figure 1.  Diagrammatic cross section showing mineral zoning in sedimentary exhalative Zn-Pb deposits (from Briskey, 1986). 
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Figure 2.  Longitudinal cross section showing development of supergene zone and iron-rich gossan (based on Elura deposit, Australia; from 
Taylor and others, 1984). 

Spatially and (or) genetically related deposit types

Associated deposit types (Cox and Singer, 1986) include bedded barite deposits (Model 31b), stratabound lead-zinc

in clastic rocks (Model 30a), Mississippi Valley type lead-zinc (Models 32a,b), sedimentary manganese (Model 34b),

sedimentary phosphate (Model 34c), Besshi massive sulfide (Model 24b), Chinese-type black shale (Mo-Ag-As-Zn-

Ni-PGE; Pasava, 1993).


Potential environmental considerations

(1) Deposits with no associated carbonate rocks or carbonate alteration minerals may have high potential for

generation of natural acid drainage that contains high metal concentrations. Potential for acid-drainage generation

may depend on (a) the amount of iron-sulfide present (which may vary from <5 to 80 volume percent among

deposits), (b) the type of iron sulfide mineral(s) in the deposit (reactivity decreases from pyrrhotite to marcasite to

pyrite) and (c) the extent to which the deposit is exposed to air and water. Water may contain thousands of mg/l

sulfate; hundreds of mg/l iron; tens of mg/l aluminum; thousands to tens of thousands of µg/l zinc; thousands of µg/l

manganese and lead; hundreds of µg/l cadmium, copper, and nickel; and tens of µg/l cobalt (Runnells and others,

1992; Kelley and Taylor, in press; EIS for Red Dog).

(2) Potential downstream environmental effects of natural acid drainage can be significant in magnitude and spatial

extent (as far as 30 km downstream), especially if surrounding terrane is composed exclusively of fine-grained clastic

rocks and volcanic rocks and no associated carbonate rocks (EIS for Red Dog).

(3) Deposits with associated carbonate rocks or abundant carbonate alteration minerals have limited potential for acid

drainage generation (water pH usually neutral to slightly alkaline), and most metal concentrations are low; exceptions

include as much as thousands of µg/l zinc in some natural water (Kelley and Taylor, in press).

(4) Iron-rich gossans, formed by oxidation and weathering, may develop above some deposits (fig. 2). Depending

on wall-rock buffering capacity, iron content of ore, and metal-sulfur ratios of sulfide minerals, the gossan

environment can be acidic (pH <5). Some gossans may contain a number of secondary lead-manganese minerals

as well as secondary sulfates of iron, aluminum, and potassium (Taylor and others, 1984). These minerals are very

soluble, can dissolve during periodic storms, and may lead to short term pulses of highly acidic, metal-bearing water.

(5) High-sulfide ore with elevated abundances of pyrrhotite that is exposed to air and water has potential for

spontaneous combustion ("hot muck"), which generates sulfur dioxide (Brown and Miller, 1977; Good, 1977). Hot

muck ignition is rare and can be avoided using proper blasting techniques.
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Exploration geophysics

Gravity surveys can be used to identify and delineate the extent of barite-rich zones that may indicate associated

base-metal sulfide deposits (Young, 1989; Hoover and others, 1994). Induced polarization methods have proven

useful in exploration for some of these deposits (O'Brien and Romer, 1971; Cox and Curtis, 1977). Remote sensing

images can be used to help identify associated gossans (Knepper, 1989). Magnetic and electromagnetic methods may

help define the presence and extent of massive sulfide deposits, particularly those that contain abundant pyrite and

(or) pyrrhotite. Constant source-audiomagnetotelluric methods have been used to help delineate the extent of ore

in northwest Alaska (Young, 1989). Other geophysical methods may facilitate geologic mapping of these deposits

(Edwards and Atkinson, 1986, p. 245).
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GEOLOGIC FACTORS THAT INFLUENCE POTENTIAL ENVIRONMENTAL EFFECTS

Deposit size

Most deposits are 1.7 (90th percentile) to 130 (10th percentile) million tons; median deposit size is 15 million tons

(Menzie and Mosier, 1986).


Host rocks 
Host rocks consist of a variety of marine sedimentary rocks including: carbonaceous shale and chert (Howard's Pass, 
Yukon Territory; Red Dog and Lik, Alaska; and Sullivan, British Columbia), dolomitic shale or siltstone (HYC and 
Mount Isa, Australia; and Silvermines, Ireland), and micritic limestone (Meggen, Germany and Tynagh, Ireland). 
Turbidites and slump breccias are present locally; minor volcanic rocks, usually mafic, may be temporally, but not 
necessarily spatially, associated. Sangster (1990) indicates that tuff units are present within ore-hosting sequences 
at a number of deposits, including Meggen and Rammelsberg (Germany), Jason and Faro (Yukon Territory), and 
HYC (Australia). Many deposits and their host rocks have undergone metamorphism and deformation (Sullivan, 
British Columbia and Mount Isa and Broken Hill, Australia). Comparisons of host rock chemistry to average 
abundances in black shale (Vine and Tourtelot, 1970) show that host rocks for these deposits have relatively low 
sodium-potassium ratios and are characteristically depleted in cobalt, nickel, and copper and enriched in barium and 
manganese (Maynard, 1991). 

Surrounding geologic terrane

The geologic terrane surrounding these deposits primarily consists of thick sequences of deep-water marine

sedimentary rocks that include fine-grained clastic and carbonate rocks. Rocks may be metamorphosed (low to high-

grades).


Wall-rock alteration

Stockwork and disseminated sulfide and alteration minerals (commonly silicified or iron-carbonate altered rocks that

rarely contain tourmaline, albite, chlorite), which possibly represent the feeder zones of these deposits, are sometimes

present beneath or adjacent to stratiform deposits (fig. 1). In some deposits, silicification is the dominant or only

alteration (Meggen, Germany and Red Dog, Alaska). In others, alteration is less extensive and (or) carbonate-rich

(Large, 1981). Large (1983) describes more subtle types of alteration near some deposits, including increased

dolomite-calcite ratios (McArthur River, Australia; deposits in Ireland) and increased potassium feldspar-albite ratios

in tuffs (McArthur River).


Nature of ore

Within stratiform mineralized rocks, sulfide minerals are generally fine-grained, and commonly form nearly

monomineralic laminae several mm to cm thick that have continuity over large parts of the deposits. Some deposits

are not laminated (Meggen, Germany and Red Dog, Alaska). Coarse-grained crustiform and comb-textured sulfide

minerals may be present in feeder veins associated with stratiform ore. The overall sheet or lens-like morphology

of stratiform ore suggests that these deposits formed, in highly restricted basins, by syngenetic to early diagenetic
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processes at or below the seawater-sediment interface. Sphalerite, galena, and iron-sulfide minerals (pyrite, marcasite,

and pyrrhotite) are the most common sulfide minerals, but chalcopyrite and sulfosalt minerals may also be present

in minor amounts (Large, 1981; 1983; Lydon, 1983).


Deposit trace element geochemistry

Feeder or stockwork zone (Large, 1983; Lydon, 1983): iron, lead, and zinc (± gold, boron, and copper).

Stratiform ore (Large, 1983; Lydon, 1983): lead, zinc (cadmium), with or without barium (zoned laterally outward

from feeder zone (fig. 1). Iron may be enriched within and adjacent to the base-metal sulfide zone (Large, 1983);

anomalous concentrations of silver ± arsenic and antimony in sulfosalt minerals (Cox and Curtis, 1977; Taylor and

others, 1984) and manganese (outer halo) are also common (Maynard, 1981). Concentrations of mercury are high

in some deposits, where it is primarily in pyrite, sphalerite, or sulfosalt minerals (Ryall, 1981).


Ore and gangue mineralogy and zonation 
Dominant sulfide ore minerals are sphalerite and galena, although minor chalcopyrite, arsenopyrite, and tetrahedrite 
are present in some deposits (Large, 1983). The most common gangue minerals are iron sulfide (pyrite or marcasite; 
less commonly pyrrhotite) and quartz (Meggen, Germany and Red Dog, Alaska). Barite may be present. Numerous 
other sulfide and sulfosalt minerals have been reported in some deposits (Cox and Curtis, 1977; Large, 1983; Taylor 
and others, 1994). Relative abundances of major base-metal sulfide minerals vary among deposits and within 
deposits as a result of zonation. Large (1983) reports that lead-zinc ratios of ore range from approximately 1:1 
(Mount Isa, Australia; Sullivan, British Columbia; and Tynagh, Ireland) to 1:8 (Meggen, Germany). The sequence 
of zonation is generally lead-zinc-(barium-copper) extending outward in laterally zoned deposits and zinc-lead­
(barium) extending upward in vertically zoned deposits (Large, 1983; Lydon, 1983). Iron is sometimes enriched at 
the center of zonation assemblages (for instance, Rammelsberg, Germany and Sullivan, British Columbia) (Large, 
1983), or an iron-manganese halo may encircle the base-metal sulfide minerals (Tynagh, Ireland) (Maynard, 1983). 

Mineral characteristics

Grain size typically ranges from 15 to 400 microns (McClay, 1983). Primary depositional features are dominated

by fine-grain size and common layering; framboidal and colloform pyrite with euhedral overgrowths are common;

granular sphalerite, galena and barite are typical. Some deposits (Red Dog, Alaska and HYC, Australia) are

characterized by very fine-grained intergrowths of silica and sphalerite (individual sphalerite grains are 0.5 to 50

microns) or sphalerite with other sulfide minerals ( <100 microns) (McClay, 1983; Moore and others, 1986). 

Metamorphism partially or completely replaces primary textures and causes grain size increases. Recrystallization

causes porphyroblastic textures in pyrite and sphalerite, barite is recrystallized to an elongate habit, and galena may

be remobilized to fill fractures (McClay, 1983).


Secondary mineralogy 
Oxidation of deposits may result in formation of iron-rich gossan and ferruginization of wall rocks (fig. 2). Deposits 
with low iron-sulfide contents have high metal-sulfur ratios, gangue or wall rocks with high buffering capacity, 
associated gossans have high pH, and gossan profiles are immature. Ore with high iron content, low metal-sulfur 
ratios in sulfide minerals, and wall rock with low buffering capacity is likely to be associated with low pH water 
(Taylor, 1984). Goethite and hematite, with minor quartz, kaolinite, and beudantite, are the main minerals in gossan 
(Taylor and others, 1984). Anglesite and cerussite are the most abundant secondary lead minerals but coronadite, 
mimetite, nadorite, pyromorphite, and lanarkite have also been reported. Silver halide minerals may also be present. 
Secondary zinc minerals are rare. Secondary sulfate minerals include jarosite, barite, and alunite. Native sulfur, 
produced by oxidation of marcasite, is present at Red Dog, Alaska (R.A. Zierenberg, written commun., 1995). Rock 
may be oxidized to 100 m below the surface (Australian examples), and may extend to 300 m adjacent to major 
faults and shear zones. Oxidation depth is controlled partly by fracture density near orebodies and presence of 
pyrrhotite, which is highly reactive with oxygenated ground water (Taylor and others, 1984). 

Secondary zinc minerals hemimorphite, smithsonite, and wurtzite, not found in association with other 
deposits, are present in lime green mosses and as a cement within talus overlying the XY deposit (Howard's Pass, 
Yukon Territory) (Jonasson and others, 1983; Lee and others, 1984). 

Topography, physiography

No generalizations possible. Sedimentary exhalative deposits are widely distributed geographically (from Australia

to northern Alaska, to Ireland, for example) and so have completely different physiographies and topographies due 
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Figure 3.  Diagram showing the relation between pH and metal content of water draining sedimentary exhalative deposits (modified from Plumlee 
and others, 1993). 

to weathering process variations.


Hydrology

Hydrologic conditions associated with sedimentary exhalative deposits are highly variable due to extreme differences

of their climate settings. Fine-grained clastic host rocks generally have low permeability. Pre-mineralization and

post-mineralization fractures may serve as ground water conduits. However, depth of oxidation is dependant on a

number of factors including climate, mineralogy of ore, and (or) host rocks.


Mining and milling methods

Underground and open-pit mining have been used historically and in modern times to exploit these deposits. Some

sedimentary exhalative deposits contain very fine-grained and intergrown sulfide minerals (for example, Red Dog,

Alaska and HYC, Australia) that require fine grinding during ore beneficiation. Base metal sulfide minerals are

usually separated by flotation and ore concentrates are smelted. In most cases, concentrates are shipped to custom

smelters and therefore do not contribute to environmental impact in the immediate mine vicinity. Large districts,

such as Sullivan, British Columbia, are served by nearby smelters (for instance, Trail smelter, British Columbia).


ENVIRONMENTAL SIGNATURES

Drainage signatures

Natural drainage water (Lik, Red Dog, and Drenchwater, Alaska: Dames and Moore, 1983; EIS report for Red Dog;

Kelley, 1995; Kelley and Taylor, in press): Cold semi-arid climate--Without carbonate rocks present (Red Dog and

Drenchwater), streams draining mineralized areas have low pH (2.8 to 4.7) and elevated dissolved metal abundances,

including tens to hundreds of mg/l aluminum and iron and hundreds to tens of thousands of µg/l Mn, Cd, Co, Cu,

Ni, Pb, and Zn. Sulfate concentrations, hundreds to thousands of mg/l, in water draining mineralized areas are also

many times higher than background. Sodium and barium may be depleted in water draining mineralized areas. Data

for deposits with significant associated carbonate rocks in surrounding geologic terrane (Lik, Alaska) are strikingly

different (fig. 3). Water draining these deposits is near-neutral to alkaline (pH 6.2 to 8.1) and contains low metal

concentrations, except zinc, whose abundances, thousands of µg/l, are enriched in streams draining mineralized areas. 

Sulfate concentrations, hundreds of mg/l, may also be elevated.

Neutral-pH springwater near the XY deposit (Howard's Pass, Yukon Territory) contains elevated dissolved metal

abundances, including tens to thousands of µg/l zinc, tens of µg/l cadmium, and tens to hundreds of mg/l sulfate.
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Mine drainage water (Red Dog, Alaska: Beelman, 1993; unpub. data, Alaska Department of Environmental

Conservation, ADEC, 1995; Faro, Yukon Territory: Lopaschuk, 1979; Meggen, Germany: Bergmann, 1971; Broken

Hill, South Africa: Gulson and others, 1994): Cold semi-arid climate--Immediately after mining began at Red Dog

in the Fall of 1990, water draining the mine was extremely acidic (pH as low as 1.7) and contained elevated metal

abundances, including from hundreds to thousands of µg/l lead, from hundreds to tens of thousands of µg/l cadmium,

and from tens of thousands of µg/l to thousands of mg/l zinc. However, by spring of 1991, these abundances had

decreased to pre-mining natural background concentrations (ADEC, 1995). The pulse of metal-enriched mine

drainage that followed initial mining was probably the result of dissolution and flushing of a secondary sulfate

mineral accumulation that developed as a result of marcasite oxidation in a near surface environment along steep

faults (R.A. Zierenberg, written commun., 1995). Mild wet climate--The Meggen, Germany, mine, known in the

late 1960s for mine water with high metal ion content and low pH, posed a severe pollution problem (Bergmann,

1971). Elevated metal abundances included hundreds of mg/l aluminum, tens of mg/l manganese, hundreds to

thousands of mg/l iron, and hundreds to thousands of mg/l zinc.

Potentially economically recoverable elements: Zinc (as zinc hydroxide produced after treatment of mine water) is

economically extracted at the Meggen, Germany, mine (Bergmann, 1971).


Metal mobility from solid mine wastes

Mine dumps may be a source of lead due to soluble secondary lead minerals common in oxidized material. Some

of these dumps have recently been reprocessed, resulting in an increased volume of fine-grained lead-rich dust that

contains as much as 3 weight percent lead (Gulson and others, 1994); this dust can be important in arid to semi-arid

regions with high wind potential.

Bioavailability studies: The most common lead species in soil and dust associated with the Broken Hill, Australia,

deposit was identified as a complex Pb, Fe, Mn, Ca, Al, Si, O material (very soluble), with high bioavailability. 

Other mining areas may have less soluble, and therefore lower bioavailability forms of lead, including galena,

pyromorphite, and anglesite (Gulson and others, 1994).


Soil, sediment signatures prior to mining 
Cold semi-arid climate: Stream sediment samples ( <0.2 mm and <0.5 mm fractions) contain anomalous concentra 
tions of many metals, including as much as ten ppm silver; tens of ppm arsenic, cadmium, and antimony; hundreds 
of ppm copper and nickel; thousands of ppm manganese, lead, and zinc; and hundreds of thousands of ppm barium 
(Theobald and others, 1978; Kelley and others, 1992). Soil that overlies mineralized rock contains hundreds to tens 
of thousands of ppm lead, hundreds to thousands of ppm barium and zinc, tens of ppm silver; and tens to hundreds 
of ppm copper, but concentrations of other metals, including <2 ppm cadmium, hundreds of ppm manganese, and 
tens of ppm nickel are low relative to stream sediment abundances (Briggs and others, 1992; Meyer and Kurtak, 
1992). The pH of soil directly above mineralized rock may be as low as 3.9 (Briggs and others, 1992). 
Warm semi-arid climate (Australia): Soil overlying mineralized rock contains hundreds to thousands of ppm copper, 
lead, and zinc, and tens of ppm silver (Cox and Curtis, 1977). 

Potential environmental concerns associated with mineral processing

Mining and milling methods significantly influence potential environmental impacts associated with sedimentary

exhalative deposits. Most underground mines dispose of mine waste and mill tailings by backfilling underground

workings. Consequently, environmental concerns related to these underground mines may be limited, with exceptions

noted below.


Modern mines discharge fine-grained sulfide-mineral-rich tailings into surface tailings ponds that have 
impermeable linings. Previous tailings discharge methods resulted in significant surface and shallow ground water 
contamination. Very finely ground, fine-grained and intergrown sulfide minerals may result in highly reactive 
tailings products. 

Until 1967, mine water draining the Meggen, Germany underground mine had a pH as low as 2.5 and 
contained as much as 1,300 mg/l zinc; this mine water originates by percolation of surface water through the mine. 
Acidic, metal-rich water draining the mine caused severe pollution in major river systems draining the area. Modern 
techniques enabled zinc recovery from mine water; mine effluent ceased to be a pollution source (Bergmann, 1971). 

Mining and milling activities at the Zawar, India mine have resulted in contamination of stream sediment 
and floodplain soil (Prusty and others, 1994; Sahu and others, 1994). Stream sediment samples collected as much 
as 30 km from the mill site contain elevated metal abundances, including thousands of ppm zinc and iron, hundreds 
of ppm lead, and tens of ppm cadmium. Floodplain soil contains similarly elevated metal abundances. 
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"Hot muck" was an environmental concern associated with processing ore from deposits with high pyrrhotite 
abundances that are exposed to air and water. "Hot muck" is the spontaneous combustion of high sulfide ore in the 
mine. The primary environmental concern is evolved sulfur dioxide. Fires are ignited by the build-up of heat, 
caused by ore oxidation, in stock piles, or may be triggered by blasting in areas of previously broken ore. 
Periodically, air emission can exceed 9.5 ppm SO2 (Brown and Miller, 1977; Good, 1977); SO2 release can acidify 
water in areas downwind from release site. Because hot muck is easily avoided by proper blasting techniques, it does 
not pose significant risks in modern mining operations. 

In some cold climates, it may be necessary to store wet ore, such as that produced from the Faro, Yukon 
Territory, mine, prior to crushing. If the ore is stockpiled too long, oxidation may ensue (Lopaschuk, 1979), which 
may cause increased metal concentrations, especially lead, in drainage water. 

Smelter signatures

Smelting was and is commonly used to process sedimentary exhalative ore. Several studies focus on the correlation

between lead in soil near smelters and lead in the blood of children (Gulson and others, 1994). Smelting may

produce SO2-rich and metal-rich emissions, which may increase acidity and foster accumulation of heavy metals in

downwind areas.


Climate effects on environmental signatures 
Sedimentary exhalative deposits are widely distributed geographically (from Australia to northern Alaska, as well 
as Ireland) and therefore are in highly variable climatic regimes. The effects of various climate regimes on the 
geoenvironmental signature specific to sedimentary exhalative deposits are not known. However, in most cases the 
intensity of environmental impact associated with sulfide-mineral-bearing mineral deposits is greater in wet climates 
than in dry climates. Acidity and total metal concentrations in mine drainage in arid environments are several orders 
of magnitude greater than in more temperate climates because of the concentrating effects of mine effluent 
evaporation and the resulting "storage" of metals and acidity in highly soluble metal-sulfate-salt minerals. However, 
minimal surface water flow in these areas inhibits generation of significant volumes of highly acidic, metal-enriched 
drainage. Concentrated release of these stored contaminants to local watersheds may be initiated by precipitation 
following a dry spell. Although it is commonly assumed that the extent of sulfide mineral oxidation and weathering 
in cold regions underlain by permafrost are minimal, data from northern Alaska show that metal dispersion from ore 
deposits in surface water is significant. 

Geoenvironmental geophysics

Induced polarization methods can provide qualitative estimates of sulfide mineral contents and grain size, which

strongly influence potential for generation of acidic, metal-enriched water. Electrical techniques (King and Pesowski,

1993) and ground penetrating radar (Davis and Annan, 1992) can be used to delineate low resistivity anomalies

produced by acidic, metal-enriched water that may be associated with this deposit type.


Acknowledgments.--We thank R.A. Zierenberg for helping to clarify this model and also for considerable 
additional input, especially concerning the Red Dog, Alaska sedimentary exhalative deposit. 
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LOW SULFIDE AU QUARTZ VEINS 
(MODEL 36a; Berger, 1986) 

by Richard J. Goldfarb, Byron R. Berger, Terry L. Klein, William J. Pickthorn, and Douglas P. Klein 

SUMMARY OF RELEVANT GEOLOGIC, GEOENVIRONMENTAL, AND GEOPHYSICAL INFORMATION

Deposit geology

These deposits consist of Archean through Tertiary quartz veins, primarily mined for their gold content, that generally

contain no more t han 2 to 3 volume percent sulfide minerals, mainly pyrite, in allochthonous terranes dominated by

greenstone and turbidite sequences that have been metamorphosed to greenschist facies. Wall rocks contain abundant

carbonate and sulf ide minerals, quartz, and sericite. Arsenic and antimony are enriched in alteration haloes (fig. 1).

These deposits are also known as mesothermal, Mother Lode-type, orogenic, metamorphic rock-hosted, greenstone

gold (Archean), turbidite-hosted (Phanerozoic), and slate belt gold (Phanerozoic) deposits.


Low sulfide gold quartz veins in the United States are presently being mined and prospected within rocks 
of accreted lithotectonic terr anes along both continental margins. Development of Paleozoic lode deposits in recent 
years has been restricted to the South Carolina part of the Carolina slate belt. Open pit mining of the more than 1.5 
million oz of gold at the Ridgeway mine, the largest of the deposits, is continuing at a rate of about 100,000 oz/yr. 
In the Mother Lode region of central California, a few old mines have been reopened in the last 10 to 15 years as 
open pit operations. Each has been recovering 500,000 to 750,000 oz of gold from low-grade, Early Cretaceous 
deposits. Production from the Alaska-Juneau and Kensington Eocene vein deposits in southeastern Alaska by 
underground operations is scheduled to commence during the next few years and will yield about 6 million oz of 
gold. In the Alaskan interior, open-pit mining will eventually yield 4 million oz of gold from the mid-Cretaceous 
Fort Knox deposit. 

Examples

Yilgarn Block, Western Australia; Abitibi Belt, Superior Province, Canada; Yellowknife, Northwest Territory,

Canada; Bendigo/Ballarat, Victoria, Australia; Murantau, Uzbekistan; Mother Lode, Calif.; Juneau Gold Belt, Alaska;

Otago Schist Belt, South Island, New Zealand.


Figure 1.  Schematic geologic cross section of a low-sulfide gold deposit. 
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Spatially and (or) genetically related deposit types

Associated deposit types (Cox and Singer, 1986) may include silica-carbonate mercury (Model 27c), and gold-

antimony (Model 36c), which may reflect shallower exposures of similar hydrothermal systems in areas of limited

erosion. In areas of extensive uplift and erosion, gold lodes are reconcentrated in extensive placer accumulations

(Model 39a). Low sulfide gold quartz vein deposits subjected to tropical weathering can produce lateritic saprolite

(eluvial placer) deposits (Model 38g; McKelvey, 1992). Much older, pre-accretionary Cyprus, Besshi, and Kuroko

volcanogenic massive sulfide deposits (Models 24a, 24b, 28a) are spatially associated with gold veins in terranes that

contain significant volumes of volcanic rock.


Potential environmental considerations

(1) Moderate amounts of acid mine drainage may be present where local, relatively high sulfide mineral

concentrations are present in gold ore, where broad zones of sulfidization characterize wall rocks, and (or) where

much of the ore is hosted by greenstone that has relatively low acid-buffering capacity.

(2) Oxidation of mine tailings that contain sulfide minerals, particularly arsenopyrite, or soil formed from unmined,

yet sulfide-mineral-bearing rock can release potentially hazardous arsenate, arsenite, and methylarsenic species.

(3) Increased concentrations of arsenic, antimony, and other trace metals may be present downstream from deposits.

Cyanide used for gold extraction at many active mines is a potential additional contaminant in waste water discharge.

(4) Mercury amalgamation carried out during historic operations may be a source of mercury contamination in

aquatic life and in surface sediment. Continued use of mercury amalgamation and roasting for gold extraction in

some parts of the world is a direct and very serious health hazard.

(5) Disposal of tailings from developed deposits can cause sedimentation problems in adjacent waterways.

(6) Modern open-pit mining methods, allowing for development of previously uneconomic, low-grade gold deposits

pose quality-of-life concerns. Potential concerns include mining-related visual impacts, increased traffic and noise,

and dust generation. Open-pit mining also produces significantly greater volumes of untreated waste rock.

(7) Long term exposure to arsenic concentrated in tailings can cause cancer and kidney disease.


Exploration geophysics

Silicified rock, much of which corresponds to wall rock that contains abundant sulfide minerals, is commonly

associated with local resistivity highs. Silicified rock and carbonate minerals along veins increase density and

resistivity and may allow indirect sulfide mineral identification using detailed electromagnetic, direct current

resistivity, and micro-gravity mapping. Disseminated pyrite, arsenopyrite, and chalcopyrite distributions can be

outlined using induced polarization/resistivity surveys. Piezo-electricity may locate sulfide-mineral-bearing quartz

veins. Host rocks that contain at least moderate amounts of magnetite may have associated magnetic lows due to

magnetite destruction in alteration-halos.


References

Geology: Berger (1986), Bliss (1986, 1992), Groves and others (1989), Kerrich and Wyman (1990), Kontak and

others (1990), Nesbitt (1991), Berger (1993), Goldfarb and others (1993), Phillips and Powell (1993), and Klein and

Day (1994).

Environmental geology and geochemistry: Bowell and others (1994), Callahan and others (1994), Cieutat and others

(1994), Azcue and others (1995), and Trainor and others (in press).


GEOLOGIC FACTORS THAT INFLUENCE POTENTIAL ENVIRONMENTAL EFFECTS

Deposit size

Deposit size is extremely variable. Archean deposits-mean tonnage is 1.08 million metric tonnes; range is 0.004 to

199 million metric tonnes. The mean tonnage of Phanerozoic deposits is 0.03 million metric tonnes; range is 0.001

to 25 million metric tonnes. The mean tonnage of Chugach-type Phanerozoic deposits is 0.003 million metric tonnes;

range is 0.001 to 0.07 million metric tonnes. Because of the high-grade nature of some veins (greater than 30 to

50 g gold/t), many low tonnage deposits (for instance, Chugach-type low sulfide gold deposits; Bliss, 1992) are

developed by small, underground workings. Deposits that contain at least 0.5 to 5 million oz gold in low grade ore

(generally 2 to 10 g gold/t) have been mined in large, more modern open-pit operations. The largest example of such

a deposit is Murantau, Uzbekistan, which contains greater than 140 million oz gold (Berger and others, 1994).
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Host rocks

Archean ore is largely hosted by metamorphosed basalt (greenstone), although ultramafic volcanic rocks (komatiite),

felsic volcanic rocks, and granitoid intrusions are locally important hosts. Most of these deposits are in preserved

cratonic blocks. Phanerozoic deposits are hosted in slate and graywacke in deformed, continental margin orogenic

belts. Where competent, pre-ore igneous bodies are present in metasedimentary sequences, they commonly

preferentially host vein-bearing fracture systems.


Surrounding geologic terrane

Deposits are restricted to medium-grade, generally greenschist facies, metamorphic rocks. High-tonnage deposits,

exemplified by Murantau, Uzbekistan, have a spatial association with major structural zones that are commonly

believed to be old terrane boundaries. Contemporaneous calc-alkaline dioritic to granitic plutons, sills, and batholiths

within a few tens of kilometers of ore indicate that both are products of regional, middle to lower crustal thermal

events.


Wall-rock alteration

Mineral phases vary with host rock lithology; halo width varies with size of hydrothermal system. Alteration zones

are poorly developed in metasedimentary host rocks, but are broad and distinct in both felsic and mafic igneous

rocks. Silicified rock and carbonate minerals are ubiquitous. Disseminated pyrite and (or) arsenopyrite consistently

are present in these broad haloes. Sericite is common, but only close to discrete gold-bearing veins; in some systems,

biotite is also present adjacent to veins. Sericite gives way to a chlorite-epidote propylitic zone distal to veins. Talc,

chlorite, and fuchsite are also common in alteration zones within ultramafic host rocks; albite is common in granitoid

host rocks. Wall rocks are notably enriched in H2O, CO2, S, K, Au, W, Sb, and As (Nesbitt, 1991).


Nature of ore

Ore may be present in quartz veins and (or) adjacent sulfidized wall rock. Gold is present as free grains in quartz,

as blebs attached to wall rock ribbons, and in veinlets cutting sulfide grains. Individual veins are 1 to 10-m-wide

discrete fissure fillings that have strike lengths of less than 100 m. Many veins show ribbon texture or, less

commonly, contain brecciated wall rock fragments. In some deposits, ore forms dense stockworks of cm-wide

veinlets. Vein swarms at the large deposits can attain 5-km strike lengths, 500 m widths, and extend 2 km down

dip. Carbonate minerals may form either (1) restricted alteration zones that range from a few to tens of meters away

from small shear zones or (2) may be abundant in rocks within several kilometers of major faults.


Deposit trace element geochemistry

Abundances of silver, arsenic, gold, and iron are consistently anomalous; tungsten and antimony abundances are much

less consistently anomalous; bismuth, copper, mercury, lead, and zinc abundances are anomalous in many deposits;

less commonly, anomalous amounts of tellurium and molybdenum are detected.


Ore and gangue mineralogy and zonation

(1) Gold is present as native gold and electrum.

(2) Potentially acid-generating sulfide minerals (in order of abundance) are pyrite, arsenopyrite > stibnite >

chalcopyrite, pyrrhotite, galena, sphalerite > telluride minerals, tetrahedrite > bismuthinite > molybdenite.

(3) Scheelite and graphite are common.

(4) Potentially acid-buffering carbonate minerals include siderite, ankerite, calcite, magnesite, or ferroan dolomite;

the composition of the carbonate species is a function of wall rock chemistry.

(5) Silicate gangue minerals include quartz, muscovite, chlorite, biotite, fuchsite, tourmaline, rutile, albite, and (or)

talc.

(6) Zoning is uncommon; mineral assemblages and proportions are commonly consistent over depths of greater than

1,000 m. In some systems, shallow levels may contain more abundant stibnite or sulfosalt minerals and native silver

(Berger, 1993). Deeper zones may be more pyrrhotite-rich.


Mineral characteristics

Sulfide minerals are usually present as finely disseminated grains in quartz and wall rocks. In some deposits, massive

clots of arsenopyrite, as large as tens of cm, may be present locally. In rare examples, gold-bearing veins may

contain massive stibnite (10 to 50 volume percent of the vein material) throughout the deposit (see Berger, 1993).
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Secondary mineralogy

Secondary minerals are not common. Occasionally, some arsenopyrite has weathered to scorodite. Minor limonite

is present in many veins.


Topography, physiography

The deposits do not form distinct topographic features although in some mining districts (for example, Bendigo,

Australia) mineralized zones may form distinctive linear ridges. They may have been emplaced along steep and

rapidly uplifting mountain belts; many pre-Tertiary low-sulfide gold-quartz veins are present in more tectonically

stable zones of moderate relief.


Hydrology

Veins are generally hosted in permeable fracture zones and hence are also significant local ground water conduits. 

Mining relatively sulfide-mineral-rich veins of this deposit type could cause discharge of minor volumes of relatively

metal-rich ground water. However, seepage from poorly consolidated tailings piles and adits at historic workings

is likely to be the most common source of metal contamination of surface water near this type of gold deposit.


Mining and milling methods

Both underground and open pit mining methods are presently being used to extract ore. In the United States, except

for southeastern Alaska, open pit mining is most common. During milling, ore is usually crushed and ground in a

ball mill; subsequently, gravity concentration is used to remove the largest gold particles. Remaining ore is reground,

classified and thickened, recycled through the gravity concentrator, and then processed in cyanide vats for 48 hours.

The slurry is subsequently sent to a carbon-in-pulp circuit where dissolved gold is adsorbed on carbon. Gold is then

stripped from carbon and electroplated on steel wool before being refined into bullion in a furnace. Alternatives to

vat leaching during cyanidation include in situ and heap leaching.


In some parts of the world, mercury amalgamation is still being used to aid gold recovery. Sulfur 
compounds, which adversely impact the amalgamation process, are eliminated by first roasting ore. Mixing mercury 
with gold concentrates results in amalgam that leaves gold behind when the mercury is volatilized. 

ENVIRONMENTAL SIGNATURES

Drainage signatures

For both mined and unmined orebodies, low sulfide mineral contents of ore and acid-buffering capacity of

widespread carbonate alteration assemblages generally prevent significant acid-mine drainage and heavy metal

contamination associated with this deposit type.

Natural drainage: Limited data (Carrick and Maurer, 1994; Cieutat and others, 1994; Trainor and others, in press)

suggest that unmined occurrences have little impact on surface water pH or trace element content. In southern

Alaska, data indicate that arsenic abundances increase from <5 to 6 µg/l, iron from <20 to 140 µg/l, and sulfate from

<2 to 3 to 5 mg/l where natural water encounters unmined low-sulfide gold quartz vein occurrences.

Mine drainage: Arsenic and iron abundances in water draining small workings may be enhanced by one to two

orders-of-magnitude relative to background abundances downstream from unmined occurrences (Cieutat and others,

1994; Trainor and others, in press). Other metals do not exhibit corresponding enrichments. Even water draining

directly from major pits and extensive underground workings can have neutral pH and low metal contents; water

draining the Alaska-Juneau pit and underground workings, Alaska's largest gold mine, contain <6 µg/l arsenic and

<100 µg/l iron at a pH of 8.0; sulfate abundances in this water are as much as 340 mg/l (Echo Bay Mines, unpub.

company data). Water flowing out the portal of the Independence, Alaska, mine in the Willow Creek district, the

fourth largest past lode gold producer in the state, has a pH of 7.8 and contains <40 µg/l iron, 37 µg/l arsenic, and

<4 µg/l cadmium, copper, lead, antimony, tungsten, and zinc (R.J. Goldfard, unpub. data, 1995).


In rare examples, locally high concentrations of sulfide minerals can lead to significant metal-rich and (or) 
acid mine drainage. Contaminated water that drained from an old adit at the site of an open pit gold mine at 
Macraes Flat, South Island, New Zealand, which had a pH of 2.9 and elevated dissolved metal abundances, including 
as much as 77 mg/l zinc and 80 mg/l iron (BHP Gold, New Zealand, unpub. company report, 1988), may reflect this 
type of situation. 

Seepage from poorly consolidated tailings piles may be more acidic. Small volumes of water seeping from 
tailings in the Cariboo district, British Columbia has a pH of 2.7 and contains 556 µg/l arsenic and elevated 
abundances of cadmium, copper, lead, and zinc (Azcue and others, 1995). Seepage from sulfide mineral concentrates 
at an abandoned mill site, of the Treadwell, southeastern Alaska, mines has a pH of 2.9 and contains 330 mg/l iron, 
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2500 µg/l zinc, 380 µg/l copper, 160 µg/l cobalt, 100 µg/l nickel, 32 µg/l cobalt, and 21 µg/l lead (R.J. Goldfarb, 
unpub. data, 1995). 

Mercury, which is used for gold extraction, is extremely enriched in sediment and fish tissue in drainages 
downstream from many historic low-sulfide gold mines (Callahan and others, 1994). Down-river from present-day 
gold mines in Brazil, mercury abundances are as much as 20 ppm in sediment, 2.7 ppm in fish, and 8.6 µg/l in water 
(Pfeiffer and others, 1989). Down-river from the California Mother lode veins, dredged river sediment contains as 
much as 37.5 ppm mercury and surface and ground water contains 13 to 300 µg/l mercury (Prokopovich, 1984). 
Extreme mercury abundances have been documented in sediment in drainages of the Carolina slate belt and the 
Dolgellau gold belt, Wales, more than 75 years after cessation of mining (Fuge and others, 1992; Callahan and 
others, 1994). Unfiltered and filtered samples of water draining tailings piles in the Fairbanks, Alaska, district 
contain as much as 0.58 and 0.11 µg/l mercury, respectively (R.J. Goldfarb, unpub. data, 1995). 

Metal mobility from solid mine wastes

Acid mine drainage problems are probably restricted to water that infiltrates untreated mine dump piles. In temperate

climates, initial spring snow melt draining dumps is likely to contain significant heavy metal abundances, including

arsenic, iron, and antimony, and less commonly lead and zinc, mainly due to dissolution of soluble salts accumulated

during winter. In most cases, small volume acidic effluent seeping from waste piles is diluted to background

abundances upon entering adjacent stream channels; consequently, environmental impact is restricted to surface

channels upstream from their intersections with the nearest, major surface waterway.


Arsenic is usually the trace element of greatest environmental concern in soil associated with mine tailings. 
Inadvertent soil ingestion by young children and arsenic-rich household dust pose potential risks to human health. 
These risks have become serious public issues in parts of the California Mother Lode belt where housing projects 
have been developed on soil derived from old mine tailings (Time, September 25, 1995, p. 36). Secondary, arsenic-
bearing salt minerals, and to a lesser extent, relatively insoluble arsenic-bearing sulfide minerals, become bioavailable 
primarily by adsorption from the fluid phase in the small intestine. Geochemical factors that control arsenic 
bioavailability from soil include the type of arsenic-bearing mineral, the degree of encapsulation of that mineral in 
an insoluble matrix, the nature of alteration rinds on mineral grains, and the rate of arsenic dissolution in the 
gastrointestinal tract (Davis and others, 1992). 

Soil, sediment signatures prior to mining

Arsenic concentrations in soil and sediment are about 50-1,000 ppm near unmined deposits; background abundances

elsewhere are typically 10-40 ppm. Antimony levels are commonly >5 ppm near deposits, whereas they are normally

<2 ppm in areas unaffected by hydrothermal activity (Bowell and others, 1994; R.J. Goldfarb, unpub. data, 1995).


Potential environmental concerns associated with mineral processing

Summarized from Ripley and others (1995).

(1) Mercury amalgamation, commonly used in historic gold extraction processes, may have deposited significant

amounts of mercury in tailings piles. Where amalgamation is still used, volatilized mercury generated by the process

may significantly affect air quality because as much as ten percent of the mercury used is lost to the atmosphere.

(2) Most cyanide used for gold extraction is recovered and recycled, but some inevitably remains in tailings liquor

and can leak into regional ground water networks. Any loss of cyanide to the environment is a major concern

because it is toxic to a wide variety of organisms. Many mills now use chemical-treatment systems to convert

hazardous cyanide compounds to insoluble compounds that are not bioavailable. This is especially critical in cold

climates where natural volatilization of cyanide from holding ponds is relatively slow.

(3) Where heap-leaching methods are employed, environmental risks are greater. Leakage and erosion risks are

greatly increased, as are risks to wildlife, because cyanide leaching is usually done outdoors. In situ leaching, if

applied to relatively impermeable orebodies, could result in local aquifer contamination.

(4) Roasting ore that contains abundant sulfide minerals emits significant amounts of arsenic trioxide and other metal

oxides into the atmosphere.

(5) Highly acidic effluent is produced during sulfide bio-oxidation. Without proper neutralization or during spills,

this effluent can be extremely hazardous.

(6) Crushing and grinding ore may present noise and dust hazards.


Smelter signatures

Ore derived from these deposits is not smelted.
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Climate effects on environmental signatures

In dry and seasonally wet climates, the potential for generating small-volume pulses of significantly metal-enriched

acid mine drainage is enhanced by evaporation and soluble salt accumulation. In wet climates, increased surface

runoff enhances dilution and may mitigate peak acid and heavy-metal concentrations that characterize mine drainage

in dry and seasonally wet climates.


Geoenvironmental geophysics

Wide-band electromagnetic systems can be used to identify major shears associated with veins that may serve as

major ground water conduits. Direct current and electromagnetic resistivity and magnetic surveys can be used to

study porous rock associated with faults and shear zones that may control ground water flow. Within and downslope

from mine areas, low-resistivity acid- or metal-bearing water can be identified with electromagnetic or direct current

induced polarization/resistivity surveys and ground penetrating radar. Structural and stratigraphic features such as

bedrock topography, buried channels, and aquitards that affect water flow away from mine areas may be studied with

electromagnetic or direct current resistivity, seismic refraction, and gravity surveys. Stratigraphic details in shallow

sand and gravel water pathways can be investigated with seismic reflection and ground penetrating radar. Water flow

may be monitored using self potential.
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HOPE BROOK Au Cu DEPOSIT, NEWFOUNDLAND 
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ABSTRACT 

High-sulfidation epithermal-type gold deposits represent attractive targets for global gold exploration 
due to their potential to be of giant size (e.g. Pueblo Viejo, Dominican Republic, >600 t Au; Yanacocha, 
Peru). The Hope Brook gold mine (1.5 M oz Au) is the best Canadian example of such gold 
mineralization. The deposit is hosted by Late Proterozoic rocks of the Northern Appalachians Avalon 
Zone. It is located within the Whittle Hill Sandstone intruded by a Late Proterozoic quartz-feldspar 
porphyry (QFP) sill-dike complex of the Roti Intrusive Suite. A Late Silurian sub-aerial 
volcanosedimentary cover sequence (La Poile Group) unconformably overlies the Late Proterozoic 
Avalonian rocks. The unconformity is interpreted to coincide with the Cinq Cerf Fault Zone which was 
activated in Late Silurian time as a reverse-sinistral fault zone.The fault zone is cut by the Devonian 
Chetwynd Granite (390 ±3 Ma) and associated contact metamorphism also overprinted the deposit. 

The deposit is tabular and enclosed within a zone of hydrothermal alteration more than 3 km long and 
up to 400m wide. This zone of alteration is characterized by: (1) extensive advanced argillic alteration 
with pyrophyllite, kaolinite, andalusite, sericite, quartz, diaspore, and alunite which is developed mostly 
in the structural hanging wall of the ore zone and (2) two stages of massive silicic alteration. A first buff-
color massive silicic stage extends for more than 3km laterally away from the deposit, constitutes a 
barren to weakly auriferous unit and likely results from the pervasive acid leaching of the original hosts. 
Na2O, K2O, CaO and MgO were strongly leached in the advanced argillic and silicic alteration zones 
whereas all the oxides, except silica, are totally depleted in the silicic alteration zones, leaving a residual 
core of almost pure silica. The gold mineralization is hosted by rocks displaying a second stage of silicic 
alteration characterized by grey to dark grey color and vuggy silica. The mineralization is characterized 
by several percent pyrite and lesser amounts of chalcopyrite, bornite and traces of tennantite, either as 
disseminations, impregnations or veinlets. Besides Au and Cu, other metals in the deposit are minor but 
geochemically anomalous amounts of Sb, Bi, Pb and As are present. 

Precise U-Pb zircon dating of altered (pre-ore) QFP and of an unaltered (post-ore) intermediate dikes 
cutting altered rocks bracket the age of mineralization/alteration in a relatively short time interval 
between 574-578 Ma. This temporally and genetically links mineralization/alteration and Roti Intrusive 
Suite plutonism. The deposit was likely formed by a metal-rich magmatic hydrothermal fluid phase 
exsolved from the ascending, cooling and degassing subvolcanic sill-dike complex. 

Most known high-sulfidation gold deposits are Tertiary in age or younger and Hope Brook, the largest 
high-sulfidation gold deposit in Canada, differs from type examples by virtue of its Late Proterozoic age. 



Its preservation is likely due to its early tilting and a significant extensional event which has most 
probably buried the deposit and saved it from erosion. Its occurrence highlights the potential for such 
Au-Cu intrusion-related deposits in older volcanic and magmatic arcs. 

The recognition of the two stages of silicic alteration constitutes an important exploration tool in 
discriminating between potentially mineralized and barren zones and helps in the definition of 
hydrothermal upflow zone(s). This study emphasizes that the primary characteristics and geological 
evolution of such high sulfidation gold mineralization in older terranes can only be revealed by cross-
cutting relationships established by detailed field mapping of a well exposed area and accurate U-Pb age 
constraints. 
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ABSTRACTS 

Transitions from high level magmatic to hydrothermal conditions account for a variety of mineralization 
styles. Henley (1990) noted: 'magmatic vapour from crystallizing plutons is critical to (mineralization in) 
the epithermal environment much as described for porphyry copper-molybdenum-gold deposits' and ' 
in volcanic terrains the distinction of epithermal from porphyry-type environments of mineralization 
becomes largely one of convenience for exploration than one of reality'. The recognition that epithermal 
mineralization occurs in shallow parts of porphryry systems has been known for many years. The high-
sulphidation epithermal deposits are generally considered to be intrusion-related. Low-sulphidation 
deposits are less convincingly so and, if intrusions are present, the deposits tend to occur well away 
from them. 

Lateral and vertical zoning of deposit types and metals centred on intrusive bodies, and their overlying 
stratovolcanoes, is amply documented. These relationships, and other related styles of mineralization, 
are particularly well documented in Southwestern Pacific and Andean magmatic arcs. The 
superimposition, blending and blurring of porphyry and epithermal characteristics can take place in 
volcano-plutonic arcs when "telescoping" of hydrothermal systems occurs. This is commonly evident as 
an overprinting of earlier mineralization by lower temperature, more oxidized, advanced argillic 
alteration assemblages. The telescoping that take place during the late life of the mineralizing 
hydrothermal systems is commonly due to rapid erosion of volcanic edifices by tropical weathering or 
glacial erosion, swift degradation of hydrothermally damaged volcanic structures, or cataclysmic 
decompressional events such as gravitational sector collapse. 

Transitional mineralization can be regarded to be a closely related variant of high-sulphidation systems. 
The mineralizations are genetically related in as much as the hydrothermal fluids involved are derived 
from the same, or similar intrusions. However, there are enough significant differences to warrant a 
separate identity for a 'transitional' deposit type. The high-sulphidation deposits have characteristic 
copper sulphide (covellite) and Cu-As-Sb minerals (tennantite-tetrahedrite, enargite-luzonite) and 
advanced argillic (acid sulphate) alteration derived from highly oxidized and highly acidic fluids. The 
transitional deposits can have similar alteration and mineralization as well but it is generally subordinate 
and restricted to late, localized acidic fluid flow. The dominant mineralization is by quartz-sericite-pyrite 
derived from less oxidized, neutral-pH to weakly acidic, relatively high temperature and pressure and 
highly saline solutions that are more akin to porphyry than epithermal deposits. 

The main characteristics of transitional deposits are summarized as follows: 

 



• Mineralization is intrusion-related; (subeconomic) porphyry copper-molybdenum deposits can 
occur nearby 

• The intrusions are emplaced as high-level, subvolcanic stocks; coeval volcanic rocks may, or may 
not, be present. Quartz-feldspar porphyry domes and flow dome complexes can be mineralized 
in their interior parts but, overall, they most commonly host typical epithermal and vein 
deposits 

• Cu-Au-Ag and/or Au-Ag ore is associated with polymetallic mineralization, typically with 
abundant As and Sb 

• Pyrite is the dominant sulphide mineral. Chalcopyrite, tetrahedrite/tennantite are common, 
enargite is rare or absent 

• Structural and lithologic permeabilities are the main ore controls 
• Sulphide minerals are present in stockworks, veins, breccias and local massive replacement to 

disseminated zones. The ore stockworks and vein sets are composed of sulphide-bearing 
fractures; they contain only minor quartz 

• Quartz-sericite-pyrite is the dominant alteration, mainly as a pervasive replacement of the ore 
hostrocks. Advanced argillic alteration forms a locally developed overprint with pervasive 
kaolinite and veins with quartz-alunite-(jarosite) assemblages. Higher-temperature zones 
contain andalusite, pyrophyllite, zunyite, diaspore and rare corundum; tourmaline is abundant 
in some deposits. Propylitic alteration is widespread in the hostrocks surrounding the ore zones 

• Vertical zoning is evident and lateral zoning of ore metals may be developed in deposits. From 
shallow to greater depth there is a progression from Au, Ag with increasing Cu, Zn and Pb, 
locally Mo, Bi and W and, rarely, Sn 

• Mineralization is related to 'robust' high temperature and relatively high pressure fluids 
emanating from porphyritic intrusions. The ore solutions are highly saline, moderately oxidized 
and less-acidic than those in high-sulphidation epithermal deposits 

Deposits that will be discussed to exemplify this deposit type are the Kori Kollo mine, Bolivia, and Equity 
Silver mine, British Columbia. 

Linkages between porphyry and epithermal deposits (and probably even Carlin-type jasperoid Au-Ag 
ores) are now recognized, but are poorly documented. In order to fully define an intrusion-related 
transitional deposit type, detailed geological deposit studies and careful investigations of alteration, ore 
and hostrock geochemistry, fluid inclusions and isotopes need to be conducted. 
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ABSTRACT 

Porphyry deposits commonly formed at convergent plate margins in volcanic arcs. They are related to 
the emplacement intermediate to felsic, hypabyssal, generally porphyritic intrusions. These large 
tonnage low grade mineral deposits have metal assemblages that may contain varying proportions of 
copper, molybdenum, gold and silver. Arc-related porphyry deposits, as exemplified by those in the 
Canadian Cordillera, occur in association with two distinctive calc-alkalic and alkalic intrusive suites. 
These deposits show the full range of morphological and depth relationships found in porphyry deposits 
worldwide. In addition, alkalic suite deposits, which are rare worldwide, are common; there are unusual, 
possibly syntectonic deposits (Gibraltar); and also end-member gold-rich granite-hosted deposits, such 
as Ft. Knox in Alaska. 

In the Canadian Cordillera, porphyry deposits formed during two separate time periods: Late Triassic to 
Middle Jurassic (Early Mesozoic), and Late Cretaceous to Eocene (Mesozoic-Cenozoic). Most Early 
Mesozoic deposits occur in volcanic arc terranes, Wrangellia, Stikinia and Quesnellia, but one, Gibraltar 
occurs in the oceanic Cache Creek terrane. Like deposits in the southeast Pacific, most of the early 
Mesozoic Cordilleran porphyry deposits formed while the host terranes were located outboard from 
continental North America. Other deposits, formed during this early period may have been emplaced 
during terrane collisions. Metal assemblages in deposits of the calc-alkalic suite, with Cordilleran 
examples, include Mo-Cu (Brenda), Cu-Mo (Highland Valley, Gibraltar), and Cu-Mo-Au-Ag (Island Copper, 
Schaft Creek) and Cu-Au (Kemess, Kerr). Cordilleran alkalic suite deposits are restricted to the Early 
Mesozoic and display distinctive petrology, alteration and mineralization that suggest a similar tectonic 
setting for both Quesnellia and Stikinia in Early Jurassic time. These deposits are characterized by a Cu-
Au assemblage (Copper Mountain, Afton-Ajax, Mt. Milligan, Mount Polley, Galore Creek). 

Late Mesozoic to Cenozoic deposits in the Canadian Cordillera formed in an continental arc setting, after 
the terranes in which they occur had been accreted to the western margin of North America and are 
related to small stocks that intrude unrelated country rock. Individual deposits show a spectrum of 
metal associations Cu-Mo (Huckleberry, Berg), Cu-Au(-Mo) (Bell, Granisle, Fish Lake, Casino), Mo 
(Endako, Boss Mountain, Kitsault, Quartz Hill), Mo-W (Logtung), Au-W (Dublin Gulch) and Au (Ft. Knox). 
There may be a continuum between Mo, Mo-W, Au-Mo-W and Au deposits. The distribution and timing 
of these post-accretion deposits likely reflect major crustal structures and subduction geometry. 



Porphyry mineralization is genetically related to plate tectonic processes and mineralization is episodic. 
Many deposits have clear linkages to subduction but the effects of collisional events also appear to have 
been important. The latest Triassic alkalic porphyry deposits of Stikinia illustrate this concept. Alkaline 
intrusions appear to be coeval with the tectonic hiatus may have resulted from collision of part of the 
Yukon-Tanana terrane with Stikinia. This event caused a lull in subduction, cessation of T riassic Stuhini 
Group volcanism, and at least local deformation of the Stuhini arc. Volcanism related to subsequent 
reactivation of subduction produced the Jurassic Hazelton arc. Other porphyry deposits that may have 
formed in response to collisional events include the Minto and Williams Creek deposits in Yukon 
Territory. These are controlled by brittle-ductile shear zones that formed during imbrication of the 
Yukon-Tanana terrane with oceanic strata of the Slide Mountain terrane along regional thrust faults. The 
Gibraltar deposits show similar structural features. Finally, the Mt. Milligan and Rossland area deposits 
also may be syn-collisional in timing. 























































































G - ALKALIC Cu-Au-Ag PORPHYRY DEPOSITS IN THE CANADIAN CORDILLERA: TECTONIC SETTING, 
MAGMATIC AFFILIATIONS AND HYDROTHERMAL CHARACTERISTICS 

James R. Lang, John F.H. Thompson, and Clifford R. Stanley, The University of British Columbia 

Lang, R.R., Thompson, J.F.H. and Stanley, C.R. (1998): Akalic Cu-Au-Ag Porphyry Deposits in the Canadian 
Cordillera: Tectonic Setting, Magmatic Affiliations and Hydrothermal Characteristics; in Metallogeny of 
Volcanic Arcs, B.C. Geological Survey, Short Course Notes, Open File 1998-8, Section G. 

ABSTRACT 

Porphyry ore systems are widespread in the Canadian Cordillera and formed during two major episodes 
in the Early Mesozoic and Late Cretaceous to Early Tertiary. Most of these deposits are calc-alkalic, Cu-
Mo-AgAu systems, but a subset of distinctive Cu-Au deposits is associated with alkalic igneous rocks 
which were emplaced mostly between 210 and 200Ma. The alkalic deposits are spatially restricted to 
primitive volcanic arc sequences of the Stuhini, Takla and Nicola Groups in the Quesnel and northern 
Stikine terranes and comprise two K-rich magmatic affiliations. The first group (e.g., Galore Creek, 
Rayfield River) is associated with silica-undersaturated alkalic magmatic complexes and is found in both 
Quesnellia and Stikinia. The second group (e.g., Copper Mountain, Mt. Milligan) is associated with silica-
saturated alkalic complexes and is located mostly in Quesnellia. The intrusions of both groups have 
primitive 87Sr/86Sr (0.70330.0003) and NdT (+2.7 to +7.9) signatures, and a petrogenetic link between 
the two types is suggested by the coexistence of saturated and undersaturated igneous rocks in some 
systems (e.g., Lorraine, Mount Polley). 

Saturated complexes are hosted by augite and plagioclase phyric shoshonitic basalt and andesite and cut 
by multiphase intrusive complexes. Intrusions vary in size from small batholiths to plutons and dike 
swarms, and comprise equigranular to porphyritic diorite to monzonite with rare syenite. Phenocrysts 
include major augite and plagioclase, more variable magnetite, hornblende, biotite and apatite, and rare 
titanite. K-feldspar is abundant in the matrix and the intrusions contain up to 15% total magnetite. Trace 
quartz is observed in only a few stocks. Most recognized saturated complexes contain Cu-Au 
mineralization. 

Mineralization in undersaturated complexes is less consistently developed. Strongly mineralized systems 
are related to emplacement of multiphase intrusive complexes into shoshonitic basalts and/or 
feldspathoid-bearing phonolites. Intrusions are dominated by porphyritic to megacrystic syenite with K-
feldspar megacrysts (to 25cm) accompanied by augite, biotite, magnetite and apatite, and more rarely 
by plagioclase, titanite, pseudoleucite and/or melanite garnet phenocrysts. Undersaturated systems 
with little to no mineralization are characterized by coexisting syenite and lesser pyroxenite, typically in 
smaller, concentrically zoned or layered bodies; mineralization is erratic and restricted to small skarn or 
veinlet-controlled Cu-Au zones. 

The characteristics of alteration correspond to the range in magmatic composition from strongly 
undersaturated to saturated. Alteration is quartz-absent and is characterized by distinctive Na-rich 
(albite, scapolite, analcite) and Ca-rich (andradite, diopside, actinolite, calcite, anhydrite) mineral 



assemblages, in addition to magnetite-rich potassic assemblages (biotite, K-feldspar). Mineralization 
may be associated with Ca-, Na- and/or K-rich assemblages. Propylitic alteration is typically early and 
peripheral, but spatial and temporal relationships among other assemblages vary. Sericitic and argillic 
assemblages are generally absent to minor, and trace quartz is found only in late stage alteration in a 
few saturated systems. 

Alkalic deposits range up to 400M tonnes but are generally smaller, and typical grades are 0.25-0.5% Cu 
and 0.35-075 ppm Au with locally higher grade subzones. The characteristic metal assemblage is Cu-Au-
Ag, with no significant Mo. Mineralization is low in total sulphide, and is both disseminated and fracture 
controlled. Chalcopyrite and lesser bornite are the main ore minerals and have high ratios to pyrite. Cu 
and Au are usually well correlated, but Cu/Au ratios vary between and locally within deposits, and may 
be spatially zoned. Local disruption of the Cu to Au correlation reflects preferential redistribution of Au 
during late, low temperature overprints in some systems. The low pyrite and high carbonate 
concentrations in the ores inhibited secondary Cu enrichment. 

Hydrothermal P-T conditions were generally similar to calc-alkalic deposits. Early fluid inclusions at 
Galore Creek homogenize at up to 650oC, have salinities to 77 wt% NaCl equiv., compositions in the 
H2O-KCl-NaCl-CaCl2 system and formed at P<650bars; later fluids were cooler and less saline but of 
similar composition. Mineralogical, fluid inclusion and stable isotope data support a magmatic origin for 
the hydrothermal fluids. Fluids were released from magmas in undersaturated complexes both earlier 
and more passively than in saturated complexes, and fracture densities are much lower in both alkalic 
subtypes than in calc-alkalic deposits. 

High-K calc-alkalic Cu-Mo-AgAu, saturated alkalic Cu-Au and undersaturated alkalic Cu-Au deposits form 
a continuum across the alkalic end of the porphyry deposit spectrum. Alkalic intrusive rocks similar to 
those which host Cu-Au deposits in British Columbia have been described from several widespread 
shoshonitic volcanic belts, suggesting that they may also be prospective for Cu-Au deposits. Successful 
exploration models for these belts must recognize and incorporate the magmatic, hydrothermal and 
tectonic characteristics which distinguish alkalic from calc-alkalic porphyry systems. 
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Richards, J.P. (1998): Alkalic-Type Eithermal Gold Deposits; in Metallogeny of Volcanic Arcs, B.C. 
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ABSTRACT 

Alkalic-type epithermal gold deposits are part of a spectrum of igneous-related ore-forming 
hydrothermal systems, which probably stretches as a continuum from porphyry-type magmatic-
hydrothermal, through high- and low-sulfidation epithermal, to meteoric water-dominated hot spring 
deposits in volcanic terrains. Commonly repeated combinations of certain variables, such as magma 
composition, fluid composition, depth, and temperature, lead to the formation of certain characteristic 
deposit types and deposit associations. For example, in calc-alkalic terrains, porphyry Cu deposits hosted 
at moderate depths within or near a parental pluton are commonly associated with shallow-level high-
sulfidation, and/or more distal low-sulfidation epithermal Au deposits. Recognition of this continuum 
has been slow to gain acceptance because of the rare preservation of both porphyry and epithermal 
mineralization in the same deposit (due to erosion levels), and the difficulties with demonstration of 
their contemporaneity where preservation has occurred. However, recent careful studies, such as that 
conducted at the Lepanto Cu-Au epithermal and adjacent Far Southeast Cu-Au porphyry deposits in the 
Philippines by Arribas et al. (1995: GEOLOGY, v. 23, p. 337–340), have convincingly demonstrated the 
genetic nature of this spatial relationship. 

In many respects, alkalic-type epithermal deposits associated with alkalic magmatism are little different 
from low-sulfidation epithermal deposits associated with calc-alkalic magmas. The most distinctive 
features of alkalic systems, apart from the igneous geochemical association, are details of mineralogy, 
such as the common presence of Au-Ag-tellurides, vanadium-micas (roscoelite), and fluorite, and their 
tectonic settings (atypical destructive margin settings, such as arc-collisional, post-subduction, and back-
arc environments). From an economic point of view, however, the most important characteristic, which 
is shared by both deposit types, is the occurrence of structurally controlled, quartz-rich, vein and 
hydrothermal breccia systems that potentially host bonanza grades of gold mineralization (frequently 
measured in kg/tonne Au over several metres, and locally up to weight percent concentrations). Ore 
deposition occurs during explosive discharge of overpressured fluids along hydrologically convenient 
conduits (often normal faults or volcanic structures that offer high-permeability pathways to shallower, 
lower pressure levels). 

Overpressuring of the fluid to some degree is required for vertical flow, and a common consequence of 
depressurization during ascent is fluid phase separation. Gold is thought to be dissolved as a Au-bisulfide 
complex in epithermal fluids, but phase separation causes the loss of the bisulfide ligand to the vapor 
phase as H2S, resulting in precipitation of the metal. If hydrostatic pressures are maintained in the 
conduit and the fluid is gas-poor, then the fluid will boil along a classic boiling-point–depth curve as it 
rises to relatively shallow levels (within a kilometre of the surface in typical low-sulfidation calc-alkalic 
epithermal systems). However, if the fluid contains dissolved gases, such as CO2 and CH4, then 



effervescence will occur at either higher pressures or greater depths than in gas-poor systems at a given 
temperature, thus extending the range of epithermal-style mineralization (in terms of ore textures and 
fluid temperatures) closer to the locus of the source igneous activity. Herein lies one difference 
commonly observed between typical calc-alkalic low-sulfidation systems and alkalic-type epithermal 
systems: the former are commonly distal to potential source intrusions, and are often thought to be 
unrelated to magmatic hydrothermal activity as a consequence. In contrast, many alkalic-type 
epithermal deposits, such as Cripple Creek (Colorado), Emperor (Fiji), and Porgera (Papua New Guinea), 
are hosted within or adjacent to alkalic intrusive rocks and related volcanic structures (diatremes or 
calderas). Few data exist relating to the gas-content of the ore-forming fluids in these systems, but at 
Porgera there is evidence that combined concentrations of CO2 and CH4 were sufficient to cause phase 
separation in relatively cool fluids (200–150°C) at depths of at least two kilometres, and over vertical 
intervals in excess of one kilometre. These fluids are believed to have been derived during relatively 
late-stage fractionation and devolatilization of a magma chamber located beneath the currently exposed 
hydrothermal system. Current research at Porgera is aimed at investigating the transition from early 
higher-temperature base-metal-rich mineralization to this later style of alkalic-type epithermal 
mineralization, and exploring the potential for porphyry-type Cu-Au mineralization related to the source 
intrusion at greater depth. 

Finally, some speculations will be offered regarding tectonic and petrogenetic controls on metal 
inventory in alkalic and calc-alkalic ore-forming systems. Typical calc-alkalic metalliferous provinces 
associated with arc magmatism are Cu-rich, with porphyry Cu deposits containing by-product Au at 
various levels of economic importance. In contrast, alkalic-type deposits appear to be dominated by Au, 
with little associated economic Cu mineralization. It is proposed that this distinction relates directly to 
melting processes in the mantle, and specifically to the role of sulfides in this source region. 
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ABSTRACT 

The wide variety of deposit types formed in volcanic arcs reflects a number of factors favourable to ore 
generation which include differentiated magmas, enhanced heat flow, major structures and favourable 
host rocks. In recent years, exploration companies have concentrated on the better known metallic 
deposit types that occur in volcanic arcs, such as porphyries, skarns, epithermal veins and volcanogenic 
massive sulphides (VMS). Many new mines have been discovered by this strategy and more will be 
found, particularly in the poorly prospected areas. However, there are other less well known types of 
metallic deposits that occur in volcanic arcs which are also attractive exploration targets. These include: 
volcanic redbed Cu (basaltic Cu), iron-oxide breccias and veins (Olympic Dam-type), carbonate-hosted 
disseminated Au-Ag (Carlin-type), Algoma-type iron-formation, volcanogenic manganese beds, 
epithermal manganese veins, Sn-Ag veins, alkalic intrusion-related Au, polymetallic veins, and Alaskan-
type Pt. Some of these deposits are fairly common (volcanic redbed Cu, Algoma-type iron-formation, 
volcanogenic manganese beds, epithermal manganese veins and polymetallic veins), but currently are 
attracting less attention. 

Unconventional deposits belong to two types: (1) styles of mineralization which are found in other 
environments but are not yet widely recognized to occur within volcanic arcs, and (2) unique deposits 
which are not easily classified. Carlin-type and Olympic Dam-type deposits are examples of the first 
category. They are believed by many geologists to be restricted to marginal continental sediments; 
however, examples have been identified in volcanic arcs. An improved understanding of the second type 
can lead to identification of new deposit types. For example, Eskay Creek is a precious metal-rich deposit 
that initially appeared unique because of its unusual mineralogy and setting. Further work suggested it 
was transitional between an epithermal and VMS system. Subsequent studies of modern, shallow 
submarine hot springs on the seafloor now suggest that Eskay Creek formed in a similar environment 
and may be regarded as a new type of VMS deposit (Alldrick, 1995, Hannington, 1997). 



Disseminated, sediment-hosted Au deposits of the Carlin or Nevada-type are currently an attractive 
exploration target because of their large quantities of contained gold and their low-cost, bulk tonnage 
mining potential. Until recently, these deposits were thought to be confined to Nevada due to unique, 
but poorly understood geological controls. However, recent studies and continuing exploration of the 
deposits has revealed a variety of deposit styles, including the presence of higher grade, structurally-
controlled mineralization that commonly underlies the bulk tonnage ore zones. Thus geologists are re-
examining the potential for Carlin-type deposits in other regions, including island arcs. The Mesel 
deposit in Indonesia (Turner et al., 1994) and the Bau district of Malaysia (Sillitoe and Bonham, 1990; 
Christensen et al., 1996) have been identified as being limestone-hosted, Carlin-type deposits in younger 
island arcs. The Golden Bear deposit in northern British Columbia, which is hosted by arc rocks, exhibits 
many characteristics of the Carlin-type. The micron-sized gold occurs within arsenian rims on pyrite 
grains hosted by pervasively decalcified and silicified limestones associated with a regional fault zone. 

Another poorly understood deposit type consists of magnetite and/or hematite breccia zones, veins, 
pipes and tabular bodies which span a spectrum between two end members - Kiruna-type monometallic 
(Fe P) and Olympic Dam type polymetallic (Fe Cu U Au REE). Kirunavaara in Sweden is the world's largest 
Fe deposit containing more than 2.5 billion tonnes grading 60% Fe, while Olympic Dam has a resource of 
2 billion tonnes grading 35 % Fe, 1.6% Cu, 0.06% U3O8, 0.6 g/t Au and 0.6 g/t Ag. The polymetallic end 
members are less common and can be associated with a larger number of Fe occurrences containing 
little or no Cu and Au. The Kiruna district (Sweden), Pea Ridge and Boss-Bixby (Missouri) and Sue-Dianne 
(Northwest Territories) deposits are hosted by Precambrian volcanic rocks. There are also a number of 
Fe-Cu deposits in Chile which occur in a Paleozoic arc environment that have been assigned to the 
Olympic Dam-type by Hitzman et al. (1992, personal communication, 1998), including Candelaria and El 
Romeral. This interpretation is controversial because skarn minerals occur in these deposits and they 
have also been interpreted as Fe or Cu skarns. A more all encompassing interpretation has been offered 
by Marschik et al. (1997) for the Punta del Cobre district which relates the mineralization to intrusions 
which generate iron oxide-rich zones adjacent to possible porphyry systems in a skarn environment. 
However, the existence of magnetite lavas at El Laco and Magnetita Pedernales (Grez et al., 1991) 
demonstrate that intrusive-magmatic Kiruna-type deposits occur in Tertiary volcanic rocks in the Andes. 
Further research and exploration will clarify the potential for polymetallic iron-oxide deposits (Olympic 
Dam-type) in island arcs. 
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ABSTRACT 

Gemstone exploration by major and mid-size mining companies is strongly cyclical. Grass root 
discoveries, such as the discovery of the Ekati Mine, Northwest Territories, Canada result in surges of 
staking, prospecting and exploration activities. However, recently a broader interest in gemstones, may 
be attributed to low precious and base metal prices and to a need of the exploration companies to find 
sound and "sexy" exploration plays, that would meet underwriter's criteria and investor's expectations. 

This presentation addresses selected precious, semi-precious and ornamental stone deposit-types such 
as precious opal, jadeite, nephrite, rhodonite, emeralds, sapphires and rubies and possibly diamonds, 
that may be found in, but are not restricted to volcanic arcs. 

Precious opal deposits, similar to the Erandique fields in Western Honduras, the historic Santa Maria 
"Iris" mine, located near Queretaro, Mexico and the Klinker deposit in British Columbia, are associated 
with relatively pristine volcanic rocks that occur in variety of tectonic environments including young 
volcanic arcs. Although there is no consensus, commonly these deposits are interpreted as 
hydrothermal in origin. Number of these deposit are the source of "specimen-type" materials, however, 
precious opal deposits in volcanic rocks, supplying "stable" high-quality precious opal on commercial 
scale, are not common. The current low profile of the volcanic-hosted precious opal deposits is in partly 
due to past marketing of "crazing" unstable opal for gemological applications , and to some extend, to a 
well orchestrated continuous marketing effort of the companies that mine Australian opal from the 
renown sedimentary-hosted deposits. 

Jade (jadeite or nephrite) deposits are hosted by metamorphosed, mafic and ultramafic rocks associated 
with ancient volcanic arcs. Jadeite deposits, such as that of the Clear Creek Area, San Benito County 
California, USA are restricted to blueschist (high pressure/low temperature) metamorphic facies. 
Nephrite deposits, such as the Polar and Kutcho deposits in Dease Lake area of British Columbia, Canada 
are more widespread because they form under relatively common pressure-temperature conditions. 

Some rhodonite deposits, such as Hollings and occurrences in the Cowichan Lake area, British Columbia, 
are interpreted as metamorphosed distal exhalitive equivalents of volcanogenic massive sulphide 
deposits associated with arc environments. 

Most of the major emerald deposits are either "schist-hosted" or "Colombia-type". Number of "schist-
hosted" emerald deposits occur along or near suture zones where mafic/ultramafic rocks of ancient arcs 
are juxtaposed against or intruded by felsic, continental rocks containing beryllium. Examples to 
consider are Mingora mines and Gujar Killi deposit of the Swatt district, northern Pakistan, where 
deposits are located within a ophiolic melange zone. Colombia-type deposits are much less common 



than schist-hosted variety. The famous Muzo and Chivor deposits in Colombia, are the type localities. 
They are hosted by sedimentary rocks interpreted to be part of a back arc basin. 

Corundum forms under variety of geological conditions, including assimilation of pelitic ar other high 
alumina rocks by igneous rocks, high-grade metamorphism or partial melting of aluminous rocks 
resulting in corundum-bearing pegmatites, syenites, and mica schists, subduction-related prograde 
metamorphism of aluminous sediments and by desilication of granitic intrusions and pegmatites in 
contact with marbles or ultramafic rocks. Gem-quality corundum, formed in high-grade metamorphic 
settings, may be exposed at the surface by tectonic movements (uplift and erosion) , such as the Blu Star 
deposit currently explored in Southeast British Columbia. Alternatively, it may be transported by alkaline 
basalts or basaltic volcaniclastic rocks as documented in New South Wales, eastern Australia, by 
lamprophyres Yogo dike, Montana, USA or it may be brought up by alkaline diatremes (Mark diatreme, 
British Columbia). The Corundum is also known to occur in alteration zones of epithermal and shallow 
porphyry Cu type- mineralization. The Empress deposit in British Columbia, Canada is an excellent 
example of the later type, however it remains to be established if it, or any of similar occurrences, 
contain stones of gem-quality. Any of these primary gem corundum-bearing protoliths may be eroded 
and further concentrated by natural processes to form placer deposits. 

Economic, stable intracratonic, kimberlite -hosted diamond deposits, such as those of the Lac de Grass 
area, Northwest Territories, Canada or lamproid-hosted diamond deposits, such as Argyle and Ellendale 
deposits of Western Australia, are now considered as classics and familiar to any exploration geologist. 
However, several speculative and highly provocative papers published since the mid seventies suggest 
the possibility of diamond formation in other more exotic geological environments. The most publicised, 
highly controversial "Subduction model" (S-model) was proposed to explain source of the alluvial 
diamonds- sapphires deposits of eastern New South Wales, Australia. The S- model ties genetically the 
suspected diamond protolith to the subduction zone. If this model is correct, a number of areas 
traditionally considered unfavourable in terms of the diamond exploration, because of a thin continental 
crust, such as western North America, may require re-evaluation. 

As in the case of industrial minerals, the quality of the product, the technical parameters of raw 
material, the response to upgrading methods, the size and knowledge of the market and successful test-
marketing are essential elements in decision-making, when the development of a specific deposit is 
under consideration. However, unlike most industrial minerals, gemstones have very high unit-value. 
Therefore, even modest gemstone deposits, in areas lacking infrastructure, may be developed on the 
commercial scale or as cottage-type industry and marketed world-wide. From the environmentalists 
view, most gemstone deposits are benign in terms of acid drainage generation, which is in some cases 
related to base metal and gold mining. Atmospheric discharges are also limited, because no smelting is 
involved in the extractive process. 
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Section K: 

Intrusion-Related Au-(Cu) Sulphide Veins Profile 

ABSTRACT 

Intrusion-related gold-bearing pyrrhotite/pyrite veins occur as a series of parallel, tabular to cymoid 
veins of massive iron and copper sulphides. They are generally emplaced around the margins of 
synvolcanic quartz diorite to granodiorite plutons, commonly in en echelon fracture sets. Examples 
occur in some of the historical as well as recently discovered gold camps of British Columbia, including 
Rossland, Scottie Gold, Snip and Johnny Mountain, Chib-Kayrnand mines and other deposits in the 
Chibougamau camp in Quebec, and (?) Keating and Ohio-Keating mines in Montana. These are attractive 
exploration targets because of their high grades, ease of mining, relative ease of exploration and close 
associations with other important mineral deposit types. Locally, these veins may be associated with 
either Mo breccia or porphyry deposits. 

Veins are typically composed of massive pyrrhotite and/or pyrite and chalcopyrite, variable but 
generally minor quartz, chlorite, calcite and biotite and minor to accessory disseminations, knots and 
crystal aggregates of sulphides. Gold and copper are the primary commodities, but important 
concentrations of Pb, Zn, Ag, Mo and Bi also occur. 

Massive pyrrhotite-chalcopyrite veins in the historical Rossland gold camp are examples. They produced 
more than 84 tonnes of gold and 105 tonnes of silver between 1894 and 1941. Veins are preferentially 
located along the margins of a synvolcanic intrusion, the Rossland monzonite, within a thick pile of Early 
Jurassic volcanic rocks. The camp provides an excellent study of this deposit type as Tertiary faulting has 
tilted the vein system producing surface exposures that extend from deeper to more shallow structural 
and intrusive levels from east to west. At deeper levels, the veins are associated with K and Si skarn 
wallrock alteration and disseminated sulphides. At higher levels, these grade to massive pyrrhotite-
chalcopyrite veins with only minor gangue and alteration envelopes. In uppermost brittle zones, thin, 
discontinuous fracture controlled veins and veinlets, with mainly Pb-Zn-Ag and with quartz-carbonate 
gangue, predominate. This zonation is critical in deposit and camp evaluation as the massive Au-rich 
veins are concentrated near or within the ductile-brittle transition zone. 

Farther west, and at higher stratigraphic levels, veins are overprinted by a Mo breccia complex. This 
complex is associated with quartz diorite dykes and breccias, and intense hornfelsing and locally skarn 
alteration. Anomalous concentrations of Co, Bi, As and U occur with the Mo mineralization. 



The subvolcanic setting of these deposits is transitional between the deeper level of porphyry copper or 
skarn systems and the shallower setting of epithermal systems. Mineralization is synvolcanic and syn-
intrusive, and commonly forms along the thermal "brittle-ductile transition envelope" surrounding 
subvolcanic intrusions. Late magma movement generates local shearing and open space fracturing. 
Circulating hydrothermal fluids then precipitate gold-rich iron sulphides and gangue as vein sets. Late-
stage higher level intrusions produced the Mo breccia complex. 

Intrusion-related gold-copper veins are emplaced in both oceanic and continental volcanic arc 
environments. They have close associations with other ore deposits that are typical of arc environments. 
Consequently, they should provide new exploration targets within established arc-related porphyry, 
skarn and epithermal camps. 
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ABSTRACT 

Island arcs are host to a variety of important industrial minerals deposit types. These deposits can be 
attractive exploration targets on their own, but many are found in association with metallic ores. 
Globally, island arcs have or had been important producers of halloysite, kaolin, bentonite, calcium 
carbonate, zeolites, managanese oxides, anhydrite and gypsum, barite, pumice, perlite, pyrophyllite, 
diatomite and are favourable geological environment for deposits of wollastonite and garnet. 

 Geothermal fields with thermal waters and ore fluids related to epithermal, porphyry and volcanogenic 
massive sulphides deposits circulating through favourable geological environments can produce 
deposits of industrial clays. Hydrothermal alteration in island arc settings may be the product of both 
low pH, high sulphate fluids or rather neutral pH reservoir fluids. Individual deposits often develop 
typical temperature-controlled zonation as a result of the stability fields for individual minerals. At low 
temperatures of some 50-80oC halloysite is the main product, at moderate temperatures kaolinite and 
dickite form, and when the temperature rises to 300oC range, pyrophyllite is the main alteration 
product. Presence or absence of alunite may be primarily the result of hydrothermal fluid composition. 
Deposits of hydrothermal halloysite are exploited in Northland, New Zealand at a rate of some 25 000 
tonnes per year. Small producers are known in Phillipines, Indonesia, Vietnam and Japan. Hydrothermal 
pyrophyllite is an important product in South Korea and Japan. The mines are located mostly in 
southwestern Honshu, Japan and produce some million tonnes yearly. In South Korea, the deposits are 
located along the southern coast of the peninsula and produce approximately 650 000 tonnes annually. 
In British Columbia, alteration zones with pyrophyllite-alunite are known from Vancouver Island in a belt 
that extends from Kyuquot Sound to Pemberton Hills area on Holberg Inlet. Regional metamorphism 
may transform zones of hydrothermal alteration into deposits of mica (sericite) and/or kyanite. The 
large sericite envelope of the Homestake VMS deposit near Kamloops is an example of a 
metamorphosed alteration zone in British Columbia. Some geologists interpret the kyanite deposits of 
Virginia, U.S.A. as a metamorphosed hydrothermal alteration zone. Thermal recrystallization of 
alteration zones under low pressure conditions will result in andalusite hornfels, sometimes with 
corundum. The Empress zone of the Taseko deposit is an example of such mineral association. 

Volcanogenic massive sulphide (VMS) deposits contain barite and anhydrite as common constitutents. 
Barite is frequently a minor component of Kuroko orebodies, like Myra Falls, Britannia mine, Adams 
Plateau occurences or Tulsequal Chief in British Columbia. In some deposits, however, barite is a major 
component of the ore, such as the. Homestake deposit near Kamloops, or the Buchans mining camp of 
Newfoundland. The Buchans camp contains an estimate of 350 000 tonnes of barite in tailings and since 
1971 has produced 10-15 000 tonnes annually for oil and gas exploration on the Canada east coast. 



There is also the possibility of finding separate lenses and beds of barite towards the top of Kuroko-type 
VMS and deposits distal to the metal rich orebodies. 

Anhydrite and gypsum have many similarities to barite in their distribution in VMS deposits. They have 
been described from many deposits in Japan and in B.C. are known from the Britannia mine and the 
Tulsequah Chief. The recent studies of black smokers indicate that anhydrite can occur with base metals 
but is more likely than barite to produce also distal accumulations barren of base metals. Two 
anhydrite/gypsum deposits in B.C. may be interpreted to be of this type. The Falkland deposit, located 
northwest of Vernon, produced a little over 1 million tonnes of gypsum between 1926 and 1956. Since 
1974, this deposit has been supplying an anhydrite-gypsum mixture for the cement plant in Kamloops. 
O'Connor River gypsum deposit in northwestern B.C. has a 10 million tonne gypsum resource. 

Manganese oxide deposits in waterlain pyroclastic deposits of basaltic, andesite and dacitic deposition 
are known from Cuba, Hispaniola and Puerto Rico. Particularly the deposits in the Cobre Formation of 
eastern Cuba were mined extensively in 1940's and 1950's. The length of the ore lenses may be up to 2 
kilometres and the thickness up to 5 metres. The orebodies are frequently underlain by massive, several 
metres thick lenticular bodies of siliceous, jasper-like rocks up to several metres thick. The manganese 
deposits are considered coeval with vein and stockwork copper deposits associated with sub-volcanic 
intrusions abundant in the lower part of the Cobre Formation. In B.C., the Big Bull mine on Taku River 
has lenses of massive Mn minerals braunite and piemontite within andesite tuff which are 
stratigraphically above the VMS orebody and up to 31 metres thick. 

Deposits of zeolites in island arcs are very common and widespread. Zeolites are a product of 
devitrification of volcanic glass under a variety of conditions. Burial diagenesis and low temperature 
hydrothermal alteration of pumice and volcanic ash deposits in sea water environment have produced 
massive deposits of zeolites, such as those known from Japan, Italy or Cuba. Mordenite and 
clinoptilonite are the most common zeolites commercially produced, with smaller quantities of 
chabasite, erionite and phillipsite. Japan, probably, has been the most successful in developing a variety 
of industrial applications for natural zeolites with annual consumption of over 100 000 tonnes per year. 
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ABSTRACT 

The Canadian Cordillera contains more than 1000 skarn occurrences, and some of its Au, Cu and W skarn 
deposits are of world-class size and grade. These major deposits include the Nickel Plate Au skarn, the 
Whitehorse Copper Belt, Ingerbelle, Craigmont and Phoenix Cu skarns and the Mactung, Lened and 
Cantung W skarns. 

The more than 1000 recorded skarns can be broadly separated into three groups. One small group of 27 
occurrences is associated with Cu, Mo or W porphyry deposits; in most cases the skarn alteration 
represents only a minor part of the porphyry system although the significant Cu-Au skarn components of 
the Ingerbelle, Stikine Copper and Mount Polley porphyry Cu deposits are notable exceptions. Another 
group of 37 skarns occurs as barren wallrock alteration that hosts or halos large AuCu-bearing quartz 
and/or sulphide vein systems. Economically important examples include the vein deposits at the Second 
Relief and Evening Star mines in southern BC. 

The third and largest group comprises more than 960 occurrences. On the basis of their chemistry or 
dominant minerals, these include 436 Cu, 147 Fe, 142 Pb-Zn, 117 W, 33 Au, 29 Mo, 19 Sn and 19 
industrial mineral skarns; the latter are a potential source of minerals such as wollastonite, garnet, 
fluorite, tremolite or rhodonite. In addition, 4 occurrences represent uranium or RRE skarns and a 
further 16 skarns are of unknown class. 

Although the Yukon is substantially smaller in area than B.C., it contains a significantly greater number of 
Sn and W skarns, and a smaller number of Fe, Au and Cu skarns. The abundance of chalcophile skarns in 
B.C reflects the relative predominance of oceanic island arc-related plutonic rocks in that province, 
whereas the Yukon contains a greater proportion of intrusions derived from continental crust and 
consequently the associated skarn deposits are lithophile in character. 

Skarns are found in at least at least 24 different tectono-stratigraphic terranes (as defined by Wheeler et 
al., 1991), but most are concentrated in just five terranes, namely Wrangellia, Stikinia, Quesnellia, 
Cassiar and Yukon-Tanana, as well as in the Ancestral North American craton. A spatial and temporal 
relationship exists between certain skarn classes, their metal production, and the character and origin of 
the host terranes. Over 80% of the skarns in B.C. are hosted by terranes dominated by island-arc rocks 
and these have accounted for virtually all the Fe, Cu and Au metal produced from skarns in the province. 
By contrast, only 5% of the skarns in B.C. are hosted by the North American craton and basement, yet 
these have been responsible for all the provinces W production. 

Most skarns in the region were formed during three major plutonic episodes that had distinctly different 
metallogenies. The oldest and most economically important was during the Early to Middle Jurassic 



when most of the regions Au, Fe, Cu and Mo skarns were developed, as well as many Cu-Au and Cu-Mo 
porphyry deposits. The next most important skarn-forming plutonic event was during the Cretaceous. 
This resulted in many of the regions W and Sn skarns, as well as the Whitehorse Copper Belt deposits 
and some Cu skarns in the Greenwood camp of B.C. The third and youngest episode, during the Eocene-
Oligocene, was less important and only resulted in a small number of W, Cu and Pb-Zn skarns. 

The size and diversity of skarns in the Canadian Cordillera, together with their significant reserves and 
past metal production indicate that the region has a high potential for the discovery of new economic 
deposits. Moreover, the recognition that specific geological terranes in the region are prospective hosts 
for certain economic skarns, and the recent discovery elsewhere of major Cu and/or Au-rich skarn 
deposits in geological settings that are analogous to parts of the Canadian Cordillera, should spur 
exploration. In addition to the prospective island arc terranes, other targets include: re-evaluating many 
of the larger Cu skarns( such as those in the Whitehorse Copper and Greenwood camps) for distal Au 
skarns or Au-bearing mantos, exploring various Ca-rich volcanic belts for deposits similar to the QR Au 
skarn in B.C. or the Candelaria Cu-Au skarn in Chile, and examining areas with platformal, dolomitic 
carbonates for deposits resembling either the Butte Highlands Au skarn in Montana or the Big Gossan-
IOZ Cu-Au skarns in Indonesia. In addition, parts of the eastern and northern Cordillera have many of the 
favorable geological features that characterize other Pb-Zn-Ag skarn or manto districts elsewhere in the 
world. 
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ABSTRACT 

About 80% of the world's VMS deposits are in arc-related strata, with the remaining 20% in mid-ocean 
ridge ophiolitic settings (some are rifted marginal basins). Arc-related VMS may be broadly divided into 
four groups: Type 1 include deposits in arcs formed above ocean-floor dominated subduction (bimodal 
volcanic sequences). Type 2 are related to ocean-continent subduction (felsic-dominated bimodal 
sequences). Type 3 deposits are in basalt-sediment (back arc) sequences (Besshi-like). Type 4 deposits 
are in mature (epi-continental?) arcs and back-arcs, where felsic volcanic and/or sedimentary strata are 
dominant. The median sizes of each of the arc-related groups, along with those in the Besshi and 
ophiolite groups are roughly equal, at 1-1.5x106 tonnes. Mature continental-arc or back-arc deposits 
have a median size of 4x106 tonnes. 

The convective genetic model for VMS deposits stipulates that metalliferous hydrothermal fluids were 
generated primarily in the sub-seafloor through heating of down-welling seawater and leaching of 
metals from the volcanic and sedimentary sub-strata. The size of convective metalliferous hydrothermal 
systems was a function of the abundance of heat in the upper two km of the sub-seafloor crust. Heat 
was supplied from a shallow-level subvolcanic intrusion. Evidence from modern seafloor examples 
indicates a direct magmatic component in deposits where melted continental crust (or hydrated oceanic 
crust) was involved in volcanism. 

Any direct relationship between magma type and the abundance or composition of deposits is tenuous. 
Generally, for types 1 through 3, the felsic melts are quite high-temperature sodic dacite and rhyolite. 
Such high temperature environments promoted convective circulation and leaching. In the felsic-
dominated and continental arc-related areas (type 4 and possibly 2), more-K-rich, continent-derived 
melts may be evident. In all, both the subvolcanic intrusions and related volcanic rocks have somewhat 
aberrant petrochemical trends, caused by unusually rapid heat removal to the hydrothermal system, 
assimilation of hydrated country rock, or interaction with seawater. Extensive fractionation may be 
evident in both major element and REE trends. 

On reaching a critical reaction temperature (sustained acid pH) in convective systems, leached metals 
moved into the hydrothermal fluid. In basalt-dominated areas (types 1 and 3), leaching-related 
alteration of mafic "source" zones (lower semi-conformable alteration) formed the assemblage albite-
epidote-actinolite-quartz. These zones are variably metal-depleted, and are characterized by patchy 
silicification and epidotization, with loss of calcium and addition of sodium. In felsic-dominated types 2 
and 4, particularly in districts which formed at shallow seawater depths (<1500m), laterally extensive 
carbonatization and aluminosilicate formation formed in the stratigraphic units immediately subjacent 



to the deposits. The aluminous alteration resembles that near high sulfidation epithermal deposits, 
indicating that the altering fluids were very acid, and possibly magmatic. 

Water depth controls aspects of deposit composition and alteration assemblages. Volcanoes associated 
with nascent ocean-dominated arcs and back-arcs settings tend to be of low elevation and deeply 
submerged (usually >2000m) shield volcanoes or elongate rifts. Felsic rocks rarely exceed 30% of the 
volcanic complement, and are usually cooled from high-temperature (sodic) melts. Volcanoes associated 
with arcs involving continents (Types 2 and 4) are more high standing, commonly emergent 
stratovolcanoes, consisting predominantly of subaqueous hydrovolcanic pyroclastic flows and tuff-
cones, andesitic flows, and some felsic lava domes. Volcanological constraints can only provide 
cumulative evidence for water depth at depositional sites; generally speaking deposits in types 1 and 3 
(and ophiolite-related deposits) provide deep water VMS depositional sites, whereas types 2 and 4 are 
in shallower water. 

Hydrothermal systems that engender giant VMS deposits must discharge through only a few well-
focused sites, be persistent, and be efficiently capped. Reservoir caps may be physical (impermeable 
sediments or well-sealed submarine ash flows), or may have formed through thermally induced 
chemical sealing, such as the aforementioned widespread carbonatization associated with types 2 and 
possibly 4. Silicification may also be an important reservoir-sealing process. 

Faults that control hydrothermal discharge include rift-margin master faults and caldera ring-fault 
systems. Extensional regimes both in mid-ocean and back-arc systems engender VMS-producing 
structures. A second method for focusing discharge is the presence of sediment-submerged basement 
or volcanic highs. Alteration pipes associated with types 1 and 3 vary from those with cores of Fe-
chlorite and silica and margins of Mg-chlorite (in part after smectite) to those associated with types 2 
and 4, with silica-sericite ± Fe-carbonate pipes. Deep-water systems (Types 1 and 3) are associated with 
high-velocity discharge, and highly fractured flows. Both promote local drawdown of cold seawater, 
promoting the cooling of the rising hydrothermal fluid and the rapid deposition of Mg-rich clays, and 
anhydrite, forming magnesian margins to pipes. Shallow water systems have lower-velocity discharge, 
and are associated with sediment caps and well-sealed subaqueous pyroclastic flows. Local drawdown 
was inhibited, and silicification prominent around these discharge zones, thus suppressing the formation 
of Mg-rich alteration. 

Much sulfide precipitation occurs within sulfide mounds, where conductive cooling and circulation of 
heated seawater extensively modified the deposit's zoning and composition, and yield "replacement" 
paragenetic assemblages. Introduction of either residual brines or vapor phase fluids (boiling), or 
magmatic fluids can also modify the composition, with the addition/enrichment of hydride elements, 
copper, and gold. Continuation of seawater circulation also modifies the distribution of base and 
precious metals. Primary fluid compositions and the depositional environment control ore compositions. 
In felsic and sediment-dominated systems (Types 2 and 4) where buffering to acid pH may occur at any 
temperature, ore-forming fluids may contain more lead and zinc, relative to copper, than those high 
(>350oC)  



 

temperature basalt-dominated systems (Types 1 and 3). Deposits of types 2 and 4, which tend to have 
formed in relatively shallow water, may be more lead, zinc, silver and gold rich simply because cooling 
(boiling) forced copper from the fluids during their ascent, and promoted the formation of bisulfide-
complexing (and thus highly efficient transport) of gold. Separate, oxidized, magmatically generated 
brines may have been important in forming some high-sulfidation zones within a few deposits. 
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ABSTRACT 

Volcanogenic massive sulfide (VMS) deposits have a high potential for producing severe acid rock 
drainage and related environmental problems because of high concentrations of iron sulfides and 
relatively low acid buffering capacity. The iron sulfide mineralogy of most VMS deposits is dominated by 
pyrite, which can constitute 95% or more of the sulfide mass. Pyrrhotite dominates in some geologic 
settings, including deposits formed in more reducing environments associated with footwall 
sedimentary sequences such as black shales and deposits that have been affected by high-grade 
metamorphism. The trace elements of environmental concern most commonly associated with VMS 
deposits are Cu, Zn, Pb, and Cd; some deposits have anomalous As, Bi, Co, Hg, Mo, and/or Sn. These 
trace elements generally occur in primary ores as sulfide and sulfosalt minerals including chalcopyrite, 
sphalerite, galena, arsenopyrite, tennantite-tetrahedrite, cobaltite, and others, as well as in solid 
solution and/or mineral inclusions in pyrite and pyrrhotite. Trace metals are mobilized when sulfide 
minerals dissolve during weathering; in relatively dry periods, metals and acidity are commonly stored 
as metal-sulfate minerals, most of which are highly soluble. Lead is abundant as galena in many VMS 
deposits, particularly Kurokotype and others associated with felsic volcanics and continentally derived 
sediments. Lead is often an environmental problem in solid mine wastes (e.g. waste rock, mill tailings) 
and smelter wastes (e.g. slag, flue dust), but is usually less mobile than other metals in acid (and 
nearneutral) rock drainage because of the low solubility of secondary minerals such as anglesite 
(Pbsulfate). 

Wallrock mineralogy plays a critical role in determining the severity of acid rock drainage in VMS 
environments. The mineralogy of wall rocks is controlled by the original composition and the integrated 
effects of seafloor hydrothermal alteration/metasomatism and any subsequent metamorphism. VMS 
deposits typically occur in Archaean greenstone belts and Phanerozoic marine volcanic-sedimentary 
sequences that have typically been subjected to at least lower greenschist facies metamorphism. 
Common wallrock alteration assemblages include chlorite, quartz, muscovite (sericite), albite, 
FeMgcarbonates (dolomite, ankerite, siderite), tourmaline (generally in the footwall), and/or 
metamorphic minerals such as epidote, amphibole, and at high metamorphic grades, cordierite. 
Alteration associated with some VMS deposits can show a zonation from Ferich chlorite in the core of 
the hydrothermal upflow zone to Mgrich chlorite and sericite on the periphery. Nonmetamorphosed 
deposits contain smectites and mixedlayer clays at the outer fringes of the hydrothermal alteration 
zone. Barite, anhydrite and/or gypsum are found in some VMS deposits. Although anhydrite and gypsum 
have minimal effect on acid-buffering capacity, they may enhance weathering reactions due to 
increased permeability resulting from dissolution of these relatively soluble minerals. 



The presence, composition, and distribution of carbonate minerals are important factors in determining 
the acidneutralizing capacity of mine wastes and unmined deposits. Febearing dolomite (ankerite) and 
siderite are reported in some VMS environments, and calcite may be deposited at low temperatures as 
the hydrothermal system collapses or may be formed as part of a metamorphic overprint. The extent to 
which Febearing carbonates can neutralize acid is moderated by their iron content, because oxidation 
and hydrolysis of iron leads to a net production of hydrogen ions. Chemical reactions showing the effect 
of Fe substitution on acid neutralizing capacity can be conveniently represented on a trilinear diagram 
of carbonate compositions in the CaCO3MgCO3FeCO3 system. 

Examples of acid mine drainage affecting surface and ground water are presented for two deposits in 
California: Iron Mountain and Penn Mine. The Iron Mountain site is located at the southern end of the 
West Shasta mining district in northern California. The deposits in the West Shasta district do not fit 
readily into the existing USGS classification scheme for VMS deposits (Cyprus, Kuroko, and Besshi types) 
and show similarities to Norandastyle mineralization: low lead content; ore zones associated with 
felsicintermediate volcanic rocks; mafic rocks in the footwall; and minimal sedimentary rocks in the 
sequence. Since 1983, the Iron Mountain site has been a high priority on the U.S. Environmental 
Protection Agency's National Priority List of contaminated sites, and is undergoing remediation under 
the "Superfund" program. The adit discharge from the Richmond Mine at Iron Mountain is among the 
most concentrated ever reported for a continuously flowing feature. A typical analysis of Richmond adit 
discharge during low-flow conditions in September 1990 had a pH of 0.48, and the following dissolved 
concentrations: copper of 290 mg/L, cadmium of 15.9 mg/L, zinc of 2,010 mg/L, aluminum of 2,210 
mg/L, total iron of 20,300 mg/L (about 90 % ferrous), and sulfate of 118,000 mg/L. Drip waters in the 
underground workings of the Richmond mine have negative pH values, representing hydrogen ion 
activities greater than one. These extreme pH values can be measured with a combination pH electrode 
using concentrated sulfuric acid standards that are calibrated to the pH scale using specificion 
interaction (Pitzer) modeling. Season fluctuations in rainfall and evaporation result in cyclical 
precipitation and dissolution of efflorescent metalsulfate salts in the Richmond mine workings. This 
seasonal flushing of soluble salts has dramatic effects on the water quality of adit discharge, causing 
increases in dissolved concentrations of some metals along with increased flows during the "first flush." 
Discharge of untreated and partially treated runoff from Iron Mountain has severely degraded surface 
waters in the area. Mixing of acidic drainage from Iron Mountain with dilute waters of the Sacramento 
River system results in precipitation of hydrous ferric iron and aluminum oxides with co-precipitated 
copper, zinc, and cadmium. More than 200,000 cubic meters of contaminated sediments have 
accumulated in a downstream reservoir, which is the subject of ongoing investigations of potential 
remedial measures. 

At the Penn Mine, a VMS deposit in the Foothills CuZn belt of central California classified as "Sierran 
Kuroko" by Singer (1992), acidic drainage from several different weathering and hydrologic 
environments can be distinguished by pH values, trace element concentrations, and stable isotope 
ratios. Water in the flooded underground mine workings has a pH value of about 4, elevated 
concentration of dissolved Zn (400 mg/L), relatively low concentrations of dissolved Cu (0.13 mg/L) and 
Cd (0.05 mg/L), and relatively heavy values of d18O and d34S in dissolved sulfate. The most likely 



explanation for these characteristics is that sulfate reduction has occurred in this environment, causing 
preferential precipitation of Cu and Cd sulfides relative to Zn and leaving extremely high ratios of Zn/Cu 
and Zn/Cd. This interpretation is further supported by dissolved gas chemistry, which has little oxygen 
and traces of methane and hydrogen. Acidic drainage from waste rock and tailings piles which collects in 
unlined surface impoundments has pH values of 2.3 to 3.0, elevated concentrations of Cu (62 to 110 
mg/L), Cd (0.9 to 1.7 mg/L), and Zn (200 to 570 mg/L), and relatively heavy values of d18O and dD 
caused by evaporation. Down-gradient from the lowermost impoundment, leakage of acidic drainage 
through fractured metavolcanic bedrock has resulted in formation of an acidic, metalrich, groundwater 
plume, documented by drilling in an area overlain by a slag pile that is seasonally submerged by an 
adjacent fresh-water reservoir. Impacts on water-quality and aquatic life in the reservoir have mostly 
been associated with untreated surface-water discharges prior to 1993. The acidic ground-water plume 
has pH values as low as 3.5, elevated concentrations of Cu (up to 120 mg/L), Cd (up to 3 mg/L), and Zn 
(up to 630 mg/L), and d18O and dD values that form a linear mixing trend with the highly evaporated 
waters from the surface impoundments, indicating recharge of the acidic ground-water plume from the 
wastewater ponds. Waste rock, tailings, and unlined impoundments at the Penn Mine are scheduled for 
removal during site remediation planned for 1998-99. 
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ABSTRACT 

The geologic characteristics of mineral deposits exert important and predictable controls on both the 
natural environmental signatures of mineralized areas prior to mining (such as natural acid-rock 
drainage and metal-bearing stream sediments) and the environmental signatures that result from 
mining and mineral processing (such as mine-drainage and tailings waters, mine wastes, and smelter 
emissions). A good understanding of the environmental geology of mineral deposits is therefore key to 
the development of effective mining-environmental prediction, mitigation, and remediation practices. 

The environmental signatures of adularia-sericite epithermal deposits (such as Creede and Sunnyside, 
Colorado) can vary greatly within a district, deposit, and vein, due to the geologic complexity of the 
deposits (marked by strong mineral zoning, complex fracture-controlled ground water flow, and highly 
variable wallrock alteration). The abundance of carbonate in gangue and wallrock alteration in many of 
these deposits can lead to relatively near-neutral-pH mine- and natural-drainage waters; however, due 
to the enrichemnt of Zn and Mn in most ores and the relatively high mobility of these metals over a 
relatively broad pH range, near-neutral drainage waters frequently carry significant quantities of Zn and 
Mn in solution (as high as 100 ppm) and sorbed on suspended particulates (total concentrations as high 
as several hundreds of ppm). In contrast carbonate-poor, sulfide-rich ores, such as occur in some veins 
at Creede, can have quite acidic (pH 3-5) drainage waters with high levels of dissolved or particulate Fe, 
Al, Cu, Zn, Pb, As, and other metals (tens to hundreds of ppm). 

The geoenvironmental characteristics of high-sulfidation (quartz-alunite, acid-sulfate) epithermal 
deposits (such as Summitville, Colorado, Round Mountain, Nevada, and Julcani, Peru) strongly reflect 
the intense pre-ore acid sulfate alteration of the deposit host rocks by magmatic gas condensates. The 
acid-sulfate alteration (which produced core zones of vuggy silica, quartz-alunite, and quartz-kaolinite, 
flanked by argillic and then propylitic assemblages) essentially removed all acid-buffering capacity from 
the host rocks in the cores of the deposits. Subsequent to the acid-sulfate alteration events, 
hydrothermal fluids deposited pyrite, marcasite, enargite, covellite, chalcocite, native sulfur, and barite 
in the intensely altered rocks. The net results of the alteration and mineralization processes are deposits 
which, unless completely oxidized during exposure and weathering, have extreme acid generating 
potential and minimal acid-buffering potential in their main ore zones. These characteristics are 
manifested in the compositions of mine waters and natural waters draining unmined deposits. In 
general, the mine waters draining the acid-sulfate alteration zones are highly acidic (pH 2-3), with high 
to extreme concentrations of dissolved metals such as: Fe and Al (thousands to several tens of 
thousands of ppm); Zn, Cu, and Mn (hundreds to low thousands of ppm); and As, Cr, Co, Ni, REE, U, Th, 
and Be (hundreds of ppb to several ppm). Natural waters draining unmined, mineralized, acid-sulfate-
altered rocks tend to have generally similar ranges of pH values and Fe and Al concentrations to those of 



the mine waters, but somewhat lower levels of Zn, Cu, and other metals, due to the lack of sulfide 
exposure at the ground surface. From an exploration and production standpoint, quartz-alunite 
epithermal deposits that will have the lowest potential environmental mitigation costs are those that 
either were completely oxidized prior to mining, or that occur in very dry climates where mining activity 
does not intersect the water table. 

Porphyry-Cu and Cu-Mo deposits, as well as Climax-type porphyry-Mo deposits, tend to discharge quite 
acidic (pH 2-4), mine waters with elevated Al and Fe (hundreds to thousands of ppm), and Cu and Zn 
(several hundreds of ppm) from their core potassic and phyllic alteration zones; due to the low contents 
of Zn in the high-grade porphyry ores, the waters are generally enriched in Cu relative to Zn. Waters 
with near-neutral pH (6-7) and generally low levels of dissolved metals (less than several hundreds of 
ppm dissolved Zn, Cu, etc.) typically drain the distal, carbonate-bearing propylitic alteration zones of 
prophyry deposits. Natural waters draining the potassic and phyllic zones of unmined porphyry deposits 
can be quite acidic and Al-and Fe-rich. However, natural drainge waters thend to have lower 
concentrations of metals such as Cu and Zn than mine waters draining geologically similar ore types, 
unless the Cu-sulfides were exposed at the ground surface by rapid physical erosion or glaciation. Due to 
the abundance of U and F in the Climax-type porphyry Mo deposits, the mine drainage waters can have 
quite high dissolved concentrations of F (as high as 700-800 mg/L) and U (as high as 8-9 ppm). 
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ABSTRACT 

Porphyry gold deposits are large-tonnage (50-1000 MT), low-grade (0.5-2 g/t) deposits associated with 
narrow (1cm) quartz veinlets that are hosted mainly by subvolcanic porphyry intrusions of andesitic to 
dacitic composition. They have lower Cu:Au ratios than any known porphyry-type deposit and appear to 
be the result of shallow depths of formation. They are present throughout the Andean Cordillera and 
are best exemplified in the Maricunga belt of Northern Chile. A descriptive occurrence model is 
presented based on detailed studies of 4 deposits (Verde, Pancho, Casale Hill, Cavancha) in 3 districts 
(Refugio, Aldebaran, La Pepa). In addition, zones of advanced argillic alteration locally host high-
sulfidation (HS) epithermal gold mineralization in close proximity to the porphyry-style mineralization. 

Mineralization is characterized by 4 main vein types that are representative of specific zonal positions, 
both in time and space. The earliest, deepest veins are A quartz veinlets which range in character from 
hairline streaks of magnetitebiotite with minor quartz and chalcopyrite and K-feldspar alteration 
envelopes to sugary quartz veinlets with magnetite and chalcopyrite and no alteration envelopes. A 
veinlets, typical of porphyry copper deposits, are restricted to zones of potassic alteration in intrusive 
rocks. Lack of internal symmetry and non-matching vein walls suggest ductile conditions under 
lithostatic pressures. Hypersaline brine inclusions with multiple daughter minerals coexisting with vapor-
rich inclusions indicate temperatures as high as nearly 700C and depths <2 km. Banded veinlets, which 
are unique to porphyry gold deposits, occur mostly above and cross-cut A veinlets. Dark gray bands, 
whose color is due to increased density of vapor-rich fluid inclusions and m-scale grains of magnetite, 
commonly occur as symmetric pairs near the vein walls. The bands formed by flashing of hypersaline 
brines during episodic transitions from lithostatic to hydrostatic pressure. Loss of sulfur during flashing 
inhibited formation of Cu-sulfides. Rare liquid-rich fluid inclusions indicate temperatures 350C at depths 
of 0.2-1.5 km. Pyrite, and local chlorite, calcite, and K-feldspar are found outside or cut the dark bands. 
Alteration envelopes are lacking. Banded veinlets do not form true stockworks and exhibit structural 
patterns that include steeply-dipping radial and shallowly-dipping concentric patterns. Zones of 
abundant banded veinlets generally contain 0.5-2 g/t Au and <0.1% Cu (hypogene), whereas zones of 
abundant A veinlets contain mostly <1 g/t Au and 0.1-0.4% Cu (hypogene). D veins are pyrite veins with 
sericitic alteration envelopes. They are widespread and cross-cut A and banded quartz veinlets. Silica 
ledges, typical of HS epithermal mineralization, are replacement veins of quartz+alunite alteration with 
local core zones of residual vuggy silica. They are mostly limited to overlying volcanic rocks. 

A and banded quartz veinlets cut and are cut by intrusions indicating several cycles of intrusionpotassic 
alterationA veinletsbanded veinlets during formation of porphyry-style mineralization. There is a 
spectrum of porphyry gold deposits ranging from the Casale Hill deposit at Aldebaran, fairly typical of 
gold-rich porphyry copper deposits, to the Verde deposit at Refugio -- a true porphyry gold deposit. 



Potassic alteration and A veinlets are strongly developed at Casale Hill, whereas they are absent at 
Verde. Banded quartz veinlets and propylitic alteration are dominant at Verde, whereas they only occur 
at the upper levels of Casale Hill. The Pancho deposit at Refugio and the Cavancha deposit at La Pepa are 
telescoped systems in which banded veinlets overprint and spatially overlap zones of potassic alteration 
and A veinlets. D veins represent an irreversible temporal transition to temperatures <400C, brittle 
fracturing, hydrostatic fluid pressures, and higher sulfide contents. D veins are nowhere truncated or 
cross-cut by intrusions, A veinlets, or banded veinlets. 40Ar/39Ar data indicate alunite in silica ledges 
forms both synchronously with (Casale Hill) or later than (La Pepa, 140,000 to 900,000 year gap at the 
95% confidence level) porphyry-style mineralization. Of the 3 districts studied, only at La Pepa has HS 
epithermal-style mineralization been mined from silica ledges at an average gold grade of about 20 g/t. 
At La Pepa gold-bearing D veins appear to be feeders to the silica ledges that zone upward from 
enargite- to barite-bearing near the surface. Timing of the irreversible switch to brittle, hydrostatic 
conditions relative to the life of the hydrothermal system determines how much porphyry-style 
mineralization forms relative to HS epithermal mineralization. Formation of HS epithermal 
mineralization appears to be dependent upon the ability of residual hypersaline brines to reach the 
surface during the late brittle, hydrostatic conditions or the ability of late, deeply sourced magmatic 
fluids to avoid hitting the two-phase field (and condensing a brine) upon ascent to the surface. 
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